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Abstract
Microprocessor controlled knee prostheses require expertise and programming skill to 
setup the swing phase damping performance for different walking speeds. There is a 
lack of suitable sensing and analysis means to quantify control performance and assist 
the setup process thereby hindering the development of self-optimizing prostheses. In 
this project the application of miniature gyroscopes was explored as a means to 
quantify the swing phase control of transfemoral (TF) amputees. The stride-to-stride 
repeatability of locomotion and the timing and coordination of knee segment motions 
were investigated as potential indicators of prosthetic swing control performance.
An assessment of the stride to stride repeatability of TF amputee locomotion using the 
IP+ swing phase control showed that levels of gait repeatability can vary considerably 
between amputees, are sensitive to changing walking speed and can depend on the run 
data considered. Comparative analysis of locomotion repeatability and user perception 
of control was conducted for both conventional and speed adaptive swing phase 
controls. The speed adaptive control system was found to produce the more repeatable 
gait at faster and slower than normal walking speeds and was preferred by all the 
amputees tested. The results indicate that analysis based on the repeatability of 
locomotion is useful to evaluate swing phase damping setup and control performance. 
In order to more specifically examine the effects of damping setup on knee control, 
the timing of knee segment motions were studied. The results revealed a distinctive 
pattern of waveform time shifting and a distinctive voluntary control mechanism 
which is believed to be used to influence the timely recovery of the swinging leg. The 
variability of the timing shifts observed relative to changes in damping control, 
suggest that a waveform timing analysis method of analysis on it’s ovm is unlikely to 
be sufficient for the development of self-optimizing prostheses. Overall the study 
outcomes support the idea that for each walking speed there is a specific optimum 
knee motion pattern preferred by amputees and influenced by damping setup. This 
study highlights the potential of using gyroscopes and segment motion analysis for the 
study of the control of TF amputee gait. Based on these findings the use of gyroscopes 
to develop a new generation of knee control systems that actively self-optimizes user 
voluntary control by quantifying changes to voluntary control directly is proposed for 
future work.
Nomenclature
ATFP Active transfemoral prosthesis
CMD Coefficient of multiple determination
CV Coefficient of variation
EMG Electromyography
FET Flexion-extension transition
ESC Finite state control
FSR Force sensitive resistor
GUI Graphical user interface
HS Heel-strike
IP Intelligent prosthesis (also known as IP+, both by Endolite)
ISP Initial swing propulsion
ISR Initial swing recovery
mCV Mean run coefficient of variation
MEMS Micro-electromechanical systems
MRS Mid-swing recovery
MSP Mid-swing propulsion
MSR Mid-swing recovery
mstsCMD Mean step-to-step coefficient of multiple determination
oCMD Overall coefficient of multiple determination
oCV Overall coefficient of variation
PSF Pre-swing flexion
PSPC Pneumatic swing phase control (non-adaptive)
SD Standard deviation
SP Shank progression
SPM Shank progression maximum
SSF; SSN;SSS Self selected fast; normal; slow (walking speed category)
TF Transfemoral
TFP Transfemoral prosthesis
TO Toe-off
TP Thigh progression
TPM Thigh progression maximum velocity
TR Thigh retraction
TSP Terminal swing propulsion
TSR Terminal swing recovery
TT Transtibial
VR Variance ratio
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Chapter 1: General introduction and outline
This thesis describes work undertaken towards the development of a novel gyroscope 
based motion sensing and analysis system for the study of transfemoral amputee 
locomotion. The main purpose of this chapter is to provide an introductory overview 
of the field in which the current project lies, describe the work undertaken and report 
on the need for it. The project research aims and objectives are given. The chapter 
concludes with an overview of the whole report.
1.1 Introduction
Transfemoral prostheses (TFP) are designed as artificial replacements for the missing 
parts of a biological leg lost at a point between the hip and knee joint. Limb loss may 
be congenital or more commonly caused by amputation required as a consequence of 
illness or traumatic injury. Aside fi-om the psychological ramifications of limb loss, 
lower extremity amputees, particularly those above the knee and higher must deal 
with serious functional and sensory losses relating to both the physical and motor 
control aspects of walking. For example, transfemoral (TF) amputee gait patterns 
compared to normal are generally more physically and mentally demanding, not 
easily adapted to personal intent or different activities, often uncomfortable and 
occasionally unsafe. A TFP aims to both address the physical loss of a limb and as far 
as possible restore lost function.
The use and development of transfemoral prostheses has continued over many 
hundreds of years. In the last century particularly in the aftermath of both world wars, 
innovation was driven by the need to improve prostheses for many young active 
traumatic amputees. Modular design and manufacturing techniques helped satisfy the 
high demand for prostheses. Functional improvements included the use of hydraulic 
and pneumatic damping cylinders, providing adjustable resistive knee torque used to 
control knee motion. This way via adjustable one-way valve arrangements knee 
flexion and extension resistive torque characteristics during swing phase could be 
tuned independently to match the preferred walking style and speed of the amputee. 
The non-adaptive fixed nature of the valve position enforces an unchanging resistive 
knee torque characteristic that must also suffice for general all round use.
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Consequently the damping properties of the knee are not normally optimal for 
anything other than the setup conditions (i.e. typically a very limited range of walking 
speeds around the preferred walking speed on level ground). A TFP can be 
unnecessarily difficult to use at much slower and faster than normal walking speeds. 
This is because the prosthesis cannot sufficiently adapt its mechanical properties (i.e. 
alter its damping characteristics automatically) in a way to better suit the changing 
walking conditions. Current terminology refers to two types of TFP control, those that 
are ‘passive’ with fixed non-adaptive control properties as just described, and those 
that are ‘active’ controlled by an adaptive external controller which are described as 
follows (Popovic, Tomovic e ta l  1991).
1.2 Active transfemoral prosthesis (ATFP)
It was not until the mid to late 1960s following the invention of the microprocessor 
that research began to explore the enormous potential of adaptive electro-mechanical 
prosthetic control systems. Given the limitations of passive control described earlier, 
microprocessor based control technology in contrast, provides the potential to 
intelligently adapt control parameters and mechanical function in a way to more 
specifically suit different walking requirements. Essential to realising these 
improvements is the prediction of user intentions and walking requirements, such as 
desired walking speed and underfoot terrains from a system of onboard sensor signals. 
Based upon a programmable control system the prosthesis can be made to adapt knee 
joint damping properties using a servo valve arrangement or similarly adjustable fluid 
damping control in a way to suit amputee requirements in real time.
In order for an ATFP knee control system to know how and when to adapt according 
to walking requirements the prosthesis needs to be programmed. The function of the 
swing phase programming procedure is to record two parameters, walking speed and 
swing damping setting. The programming procedure is normally carried out by a 
prosthetist who will remotely adjust the knee damping properties while the amputee 
walks at different speeds via a hand-held programmer or personal computer. The 
correct setup is normally determined subjectively through dialogue with the amputee 
and visual observation of gait patterns for different walking speeds and activities. This
22
Chapter 1. General introduction and outline
setup and control process is sometimes referred to as a ‘teaching playback system’ as 
the prosthesis is essentially taught how to operate under different conditions. Once 
taught during programming the prosthesis reverts to a playback mode adapting 
automatically during use according to the programming.
1.3 Need for current work
While microprocessor control offers an adaptive and dynamic control capability, 
current systems remain unable to adapt to situations outside the original programming 
conditions. For example should an amputee wish to change shoes the change in 
weight and thus limb inertia will affect the swing characteristics of the limb and the 
gait produced. Ideally swing controls should be able to adapt to this potential change 
in the required swing control performance. Furthermore with an iterative and 
subjective “trial and error” method of setup analysis there is clearly scope for human 
error as the technique is somewhat reliant on the skill, experience and judgement of 
the prosthetist. A notable drawback of the technique is the uncertainty that the 
eventual setup is in fact truly optimum. The manner is which the programming phase 
has been carried out has a direct bearing on later performance during playback. 
Problems arise when there is a disparity between the recorded speed and valve 
settings obtained during programming and valve settings required later in daily use. 
For example a situation may occur where the swing phase control performs suitably 
for the specific programmed speeds but acceleration between speeds and thus the knee 
response may be unsatisfactory to the amputee.
The possibility of improving on the largely subjective limb setup and adjustment 
procedure by means of gait analysis measurements is attractive. For example a stand­
alone, low-cost and convenient gait analysis measurement system to quantify amputee 
walking performance and the effects of knee control adjustments would be useful to 
assist prosthetists with the setup of many different kinds of knee prostheses. 
Furthermore a sensing solution that can be incorporated into part of an electronic 
control system would also allow the development of fully automatic self­
programming ATFPs.
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Clinically and commercially these developments are considered desirable due to the 
potential for:
■ Overall improved setup and programming quality; greater likelihood that an 
optimal setup has been achieved.
■ Greater system simplicity; removing the expertise required for setup and 
programming. The possibility of facilitating a system whereby users can 
reprogram the limb themselves at home should they wish to adjust the limb to 
for example compensate for the effects of a heavier pair of shoes on swing 
performance.
■ Reduced prosthetists training costs and increased turnaround of patients in 
clinical centres.
■ Improved patient satisfaction with the operation of their prosthesis.
The design of ATFPs remains a considerable challenge as the prosthesis interacts with 
the body in a highly variable and complex manner. A convenient sensing solution that 
can be use to monitor both the movements of the amputee and the prosthesis and 
thereby user interaction with the prosthesis may help improve understanding of the 
control of amputee locomotion. Despite advances in intelligent control of prostheses, 
state of the art systems are not yet as adaptable to changing user requirements nor 
intuitively controlled as the unimpaired locomotor system. Some fundamental 
bioengineering challenges remain, summarised as follows.
■ Artificial joint actuators are not yet able to reproduce highly adaptable muscle 
like mechanical performance given similar weight and size constraints.
■ The adaptive capability of the entire prosthetic limb system remains restricted 
whereby intelligent control of only one joint is insufficient to completely 
restore normal patterns of limb motion for certain activities.
■ The dynamic nature of motor control adaptation as the amputee interacts with 
the prosthesis under various conditions is not clearly understood.
The dissipative nature of current prosthetic stance/swing phase actuators continues to 
hamper activities such as stair and incline ascent where powered actuation would be
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helpful. The second challenge above is shown by current ankle-foot prostheses which 
generally remain un-adaptive to specific changes in walking terrain such as stairs and 
ramps. The third shortcoming concerns a shortfall in knowledge and understanding of 
how amputees adapt their own applied voluntary control contribution to suit both the 
walking requirements and the prosthesis function.
There has thus far been relatively little quantitative study on how various knee 
damping conditions influence the control of walking in a clinical environment since 
most studies report gait data recorded with what is considered to be an optimal setup 
conditions. It is essential to recognize that in amputee gait overall limb control 
consists of combined voluntary (i.e. by the amputee) and artificial (i.e. by the 
prosthesis) components. Both control components are inextricably linked in a highly 
complex and indeterminate way according to the intentions of the user, the function 
ideally required of the limb and the actual capability of the prosthesis. Clinical 
experience shows that amputees have a natural tendency to adjust their gait and 
control of the prosthesis for a badly setup limb. A practical sensor system that can 
directly monitor and analyse this interaction and control process has not yet been 
reported and partly motivates this research work. The potential value of such a system 
is anticipated to be in the areas of work required for the development of self- 
optimizing control systems and sensing systems to quantify locomotion performance 
to assist clinical setup of prostheses. The main investigations in this thesis report on 
methods devised to address the sensing, signal processing and analysis required for 
work in these areas. Two difficulties typically encountered during sensing system 
design are:
a) Acquiring sufficient depth of meaningful sensory information from which to 
analyse walking movements from a set of sensors that are not encumbering.
b) Deducing a means of processing the sensor signals applicable in real-time which 
encompasses the dynamics of user-prosthesis interaction at a sufficiently detailed 
level to be of value for ATFPs.
One possible approach to these problems is the use of gyroscopes (gyros) which can 
be used to capture limb segment motions. Signals from gyros mounted on limb 
segments (e.g. thigh/socket and shank) can be used to breakdown knee motion in
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terms of both voluntary (above the knee) and prosthetic (below the knee) motion 
components. This would provide more leg motion data for analysis than currently 
available ATFPs sensing methods which at present only consider relative knee joint 
motion between the thigh and shank segments. The application of gyroscopes for 
wearable gait analysis systems (Morris 1973; Wu and Ladin 1993; Mayagoitia, Nene 
et al 2002), ambulatory monitoring (Aminian, Trevisan et al; Bussmann, Hartgerink 
et al. 2000; Aminian, Najafi et al. 2002) and in electrical orthoses (Williamson and 
Andrews 2000; Pappas, Keller et al. 2002) have already been widely reported. This 
body of published research and recent studies carried out at the University of Surrey 
(Henty, Wood et a l 1999; Catalfamo and Ewins 2003; Henty 2003; Ghoussayni 
2004) suggests fiirther scope and potential for gyroscopic motion sensing for the study 
of amputee locomotion and prosthetic control applications.
1.4 Contribution and research aims
As practical new sensing technologies are made available continual re-evaluation of 
sensing and control possibilities applicable for ATFP is required. The work presented 
in this thesis is believed to be among the first studies of amputee locomotion and 
prosthetic knee control using angular rate gyroscopes. By studying how prosthetic 
limb control is altered across a broad spectrum of knee settings the present work is 
aimed to increase understanding of the interaction between voluntary control and 
prosthetic control of TF amputee swing phase. The broad aims of the present work 
falls within the boundaries of developing an on-board prosthesis motion sensing 
system (e.g. either integral to the prosthesis design or a detachable system for clinical 
evaluation of TFP) in order to quantify prosthetic swing phase setup in both TFPs 
and ATFPs. To successfully tackle this problem characteristics within locomotion that 
help indicate optimum biomechanical function and prosthetic setup must be deduced 
in some way from the sensor signal patterns.
A key objective of the work undertaken was therefore to investigate potential methods 
of using gyros to capture biomechanical characteristics of prosthetic limb control that 
are sensitive to both walking intentions and damping setup. It was considered 
important that ‘knowledge’ gained from the sensing system be in a form that can be
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processed and understood at an artificial control level to be of value for work towards 
the development of on-board artificial intelligent sensing systems for ATFPs.
The development of an on-board prosthesis gyro motion sensing and analysis system 
with this capability is expected to:
■ Allow development of a practical, low cost gait analysis system to quantify 
walking performance and the effects of limb setup adjustments.
■ Offer new insights into prosthetic swing control and coordination under 
various walking conditions.
■ Lead to greater understanding of the effects of prosthetic knee damping setup 
on amputee gait and voluntary control.
1.5 Research hypotheses and objectives
The general hypothesis under which the current research falls is that “Angular rate 
gyroscopes can be used to study TF amputee locomotion to quantify the performance 
of prosthetic swing phase control”. The work undertaken in this project focuses on the 
areas of measurement of setup performance and analysis of the effects of the 
prosthetic swing phase control device on overall walking performance. The specific 
areas investigated and the hypotheses for the current work are that:
1) “The degree of stride to stride variation of TF amputee locomotion varies 
according to prosthetic swing phase damping setup with the preferred 
setup shown to be more repeatable”
2) “An optimum prosthetic swing phase inter-segmental angular velocity 
timing pattern exists for a particular walking speed. Moreover for non- 
optimal flexion damping the timing of segment velocity patterns deviate 
with respect to the optimum timing pattern”
The rationale behind the specific examination of locomotion repeatability, analysis of 
timing of swing segment velocities and the emphasis of considering the results from 
the point of view of understanding voluntary control is set out in more detail in the
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following literature review chapter. An overview of the whole thesis is set out as 
follows.
1.6 Overview o f thesis
After this introductory chapter, the second chapter provides a more in depth 
background review of both normal and TF amputee locomotion and the field of TF 
lower limb prosthetics. The biomechanics of normal and TF amputee gait is reviewed 
along with research which has sought to determine features within gait data thought to 
be indicative of efficient ‘optimum’ locomotion. An overview of conventional and 
current generations of microprocessor-controlled knee prostheses is given and 
developing and future trends in the field are also identified. The chapter concludes 
with a review of various wearable sensing methods considered with respect to the 
main aims of the project. The reason behind the decision to explore the potential of 
gyroscopes is set out.
The third chapter describes how gyroscopes were used in this project to capture limb 
segment motions. The development and testing of the experimental equipment used in 
this project is described. The chapter ends by reporting on a pilot study evaluation of 
amputee gait under a variety of walking and setup conditions. This data was used to 
evaluate the instrumentation, evaluate data collection protocols under different test 
conditions and develop a semi-automatic gait cycle extraction algorithm so that gait 
cycles could be extracted from continuous stride data for further analysis.
Chapter four reports on a study examining the repeatability of gyroscope signal 
patterns during locomotion from the point of view of analysis of prosthetic control. 
The repeatability of both gait cycle timing and gyroscope motion data were quantified 
in a group of six TF amputees at self selected slow, normal and fast walking speeds. 
Three amputees participated in an extended study which examined differences in gait 
repeatability produced between conventional non-adaptive and speed adaptive 
pneumatic swing phase controls at slow, normal and fast walking speeds. In this study 
the differences in control method were also evaluated subjectively and compared to 
the repeatability of walking data to determine if amputees favour more or less 
repeatable locomotion and any apparent association between the data.
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The work described in the fifth chapter describes a preliminary study with two 
amputees to examine the effects of changing swing control on the timing of segment 
motions and voluntary control of swing phase at various walking speeds. The timing 
of swing motions were thought to be important since it was believed that a key aspect 
of swing control is to ensure that the limb segment motions are satisfactorily 
synchronised with the required walking action. In order to carry out the analysis a 
finite state gait phase detection system was developed to breakdown segment motions 
based upon invariant motion characteristics. A further reason for this type of analysis 
approach was so that the study outcomes could potentially be directed towards the 
future development of a practical ATFPs self-optimizing control system.
In chapter six a summary overview of the work carried out and the main conclusions 
drawn from this project are presented. An overview of the limitations of the study 
findings is also presented.
The final chapter describes how the preliminary finding of this project could be 
further validated in follow-up work. Several ideas to expand the study of amputee 
locomotion using gyroscopes to further enhance biomechanical understanding and 
control of prostheses are described. The findings of this project are also considered 
from the point of view of practical application in ATFPs control systems. The last 
section of this thesis describes a conceptual system towards the development of a self- 
optimizing control system based on the findings of this study.
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Chapter 2: Background and literature review: 
Normal and transfemoral amputee locomotion, 
prosthetics and related research
The aim of this chapter is to provide a background to the field of transfemoral 
amputee prosthetics and related research. In the first section the biomechanics of both 
normal and amputee locomotion is reviewed. As the main aim of this thesis is to 
develop techniques to evaluate amputee locomotion and in particular the setup of 
prostheses an overview and discussion of some areas of biomechanical analysis 
thought to determine efficient and optimum walking patterns both in normal subjects 
and amputees is also provided. This is followed by an overview of prosthetic 
technology and its application. The literature review covers research advances in the 
field of ATFPs from early adaptive control investigations to the latest commercialised 
microprocessor controlled designs. Particular attention is given to sensing and control 
strategies. The third section reviews ATFP research with particular emphasis on 
sensing and control methods. The potential enhancement to prosthetic limb motion 
sensing capability and control offered by gyroscopes is considered with respect to the 
limitations of previously explored and existing ATFP sensing approaches as well as 
other possible sensing technologies.
2.1 Normal gait
An understanding of normal locomotion and conventional techniques for the analysis 
of gait is of obvious importance when investigating sensing and control systems for 
ATFPs. The descriptions of gait given here are predominantly focused on the sagittal 
plane kinematics and kinetics where the control function provided by the prosthesis is 
mainly directed. A more detailed description of gait in the coronal and transverse 
planes can be found elsewhere (Winter 1992).
A typical gait cycle, is normally taken to be the time between successive occurrences 
normally initial contact (IC) or heel strike (HS) although theoretically any repeatable 
and definable instances within locomotion may be used. The term ‘stride’ is normally
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taken to be two successive foot placement instances of the same foot and thus 
represents a single gait cycle. A stride comprises of 2 steps where a step is defined as 
the period between the same foot contact instances (e.g. heel strike to heel strike) 
from left to right foot and vice versa. Stride time (or the equivalent cycle time) and the 
number of steps per minute known as cadence are commonly used indirect measures 
of walking speed (rate of walking rather than the distance travelled per unit time). A 
more direct measure of walking velocity cannot be calculated without a stride length 
measurement. The actual walking speed for a normal adult male subject walking at a 
natural cadence is typically between 1.10-1.82 m/s (Whittle 2003).
For the purpose of biomechanical analysis the gait cycle is often subdivided up into a 
sequence of discrete phases. The boundary definitions that separate phases may be 
kinematic, kinetic or temporal events and are know as ‘gait events’. At the most 
general level a leg may be in stance phase, that is, in contact with the ground and 
bearing load, or swinging forward during the swing phase in preparation for the next 
step. The start and end of stance and swing phases overlap in periods known as double 
support which refers to the fact that both feet are in contact with the ground as shown 
in figure 2-1. Both stance and swing phase can be broken up into a further series of 
phases an example of which is shown by Whittle (2003) in figure 2-2, the gait events 
which define phase boundaries are fairly self explanatory. At this point it is worth 
highlighting that detailed ‘text book’ gait phase descriptions like this are often 
unsuitable for practical embedded analysis due to the real time gait event detection 
required for the control of walking. Compared to some aspects of the work 
undertaken in this thesis, ‘text book’ gait phase descriptions derived for the purposes 
of biomechanical understanding and analysis are not restricted in terms of gait event 
definition. Gait events can be defined without computation time restrictions and can 
involve any kinematic, kinetic and temporal characteristics of one or both legs. As 
will be shown later in this thesis the scope for defining gait events for control 
purposes is greatly limited by both by the scope and quantity of available sensory 
information and signal processing methods.
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Generally speaking during a typical gait cycle the knee joint can either be flexing 
(bending) or extending (straightening) during which it may be absorbing energy or 
generating energy as is shown by the kinematic and kinetic data in figure 2-3. Upon 
heel strike the first task the leg must accomplish is to absorb the shock as the weight 
of the body is loaded onto the leg. The leg must provide a stable base of support 
regardless of the underfoot terrain. Foot contact is normally made with the heel, the 
immediate loading reaction force vector passes anterior to the knee subjecting the 
knee to an extensor moment. The foot pivots about the heel until full foot contact is 
made, this action is known as the heel rocker (Perry 1992). The heel rocker is resisted 
by an internal ankle dorsifiexor moment so that the foot does not ‘slap’ abruptly to 
full contact. The heel rocker action also causes the force vector to pass posterior to the 
knee axis subjecting the knee to a flexor moment. A short period of knee flexion 
absorbing power K1 (shown in fig 2-3.) provides further shock absorption. After the 
initial period of knee flexion the knee begins to extend generating power K2 (shown 
in figure 2-3) so the body can rotate over the ankle. This second rotation about the 
ankle is known as the ankle rocker (Perry 1992). The knee approaches its maximum 
extension around heel rise. The force vector remains behind the knee but begins to 
move forward towards the forefoot. This eventually causes the reaction force vector to 
pass anterior to the knee subjecting the knee to an extensor moment, an effect known 
as the plantarfiexion/knee extension couple (Whittle 2003). Upon double support 
phase the hip begins to flex propelled partly by a release of power at the ankle as it 
begins to plantarfiex. The leg pivots about the remaining foot contact point known as 
the toe rocker (Perry 1992). This causes the reaction vector to pass posterior to the 
knee towards the end of stance. Continual hip flexion eventually results in the 
removal of the foot with the ground surface at toe-off (TO) and swing phase begins. 
The knee continues to flex during the initial phase of swing to aid ground clearance, 
absorbing energy K3 so that the knee does not flex excessively. Knee braking is 
reduced mid swing allowing the leg to swing predominantly by its own inertia. Late in 
swing kinetic energy is again absorbed K4 to ensure the knee reaches full extension 
just prior to stance in a smooth and timely manner.
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Figure 2-3: Mechanical power, moment of force and knee angle profiles during a normal 
single gait cycle, adapted from (Winter 1983).
2.1.1 Influence o f walking speed on normal gait patterns 
At this point the effect of walking speed on normal motor patterns is reviewed. 
Winters comprehensive studies of locomotion show that joint angle curves normalised 
to 100% gait cycle follow very repeatable patterns. Winter’s hip, knee and ankle 
results (1983) illustrated in figure 2-4 show that stance phase knee joint flexion and 
extension is considerably more sensitive to speed than flexion and extension in swing 
phase. This result is supported by Lelas et a/.(2003) and Kirtley et <3/.(1985) who 
reported similar moderately predictive relationships between peak knee flexion during 
loading response and gait speed. Lalas et <af/.(2003) suggests that the increase in knee 
flexion could be an indication of the need for greater shock absorption at higher gait 
speeds. Swing phase knee flexion has been shown to be invariant with speed (Winter 
1983). Joint moment and power data have been show to be much stronger correlated 
with speed (Winter 1983; Kirtley, Whittle et al. 1985; Lelas, Merriman et al. 2003). 
Winter puts forward the idea that the invariant joint angle patterns provides a temporal
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frame work over which the gain of joint power absorption and generations are used to 
control walking (Winter 1983; Winter and Eng 1995).
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Figure 2-4: Mean joint angle curves over 100% gait cycle at slow natural and fast cadences, 
from around 40% stride knee flexion angles are essential the same with minor differences 
seen towards peak swing flexion. Adapted from Winter (1992)
2.1.2 Optimization o f gait
Clearly the main functional aim of a prosthesis is to facilitate efficient and 
comfortable locomotion. This section provides a brief overview of some theories, 
which have sought to determine factors that relate to the optimization of normal, and 
amputee locomotion.
The excursion of the centre of gravity of the body is often considered as a measure 
related to energy expenditure during walking. This concept was first proposed in a
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landmark paper by Saunders et al (1953) entitled “The Major Determinants of 
Normal and Pathological Gait”. In this paper six mechanisms or determinants of 
normal gait are stated as minimizing the excursion of the centre of gravity, under the 
presumption that primarily walking involves the translation of the centre of gravity 
through space with the least energy expenditure. The theory has a logical appeal 
however some have questioned the exact function of these determinants with modem 
gait analysis measurements. A more recent study has for example suggested that the 
primary function of knee flexion during stance (the third determinant of gait) relates 
to shock absorption and the management of forces and accelerations rather than 
minimizing the vertical excursion of the centre of gravity (Gard and Childress 2001). 
If indeed the stance flexion mechanism primarily contributes to shock absorption and 
not biomechanical efficiency then questions remains over the exact determinants of 
efficient prosthetic locomotion patterns.
It has been suggested that if human locomotion is not constrained or influenced 
externally in terms of speed selection then there will be a tendency to walk at a most 
energy efficient “preferred walking speed” (Alexander 1989). This hypothesis has 
been tested experimentally by Workman and Armstrong (1963) and Corcoran and 
Brengelmann (1970) who showed fi*om oxygen consumption measurements that the 
metabolic cost of locomotion is indeed generally at a minimum at the preferred 
walking speed and increases at both higher and lower speeds. Amputee locomotion 
has been studied in a similar way. Hoffman et a l (1997) also used energy 
consumption measurements concluding that the ‘preferred’ chosen speed in unilateral 
amputees tended to produce the minimum metabolic cost per distance travelled. This 
finding is also supported by clinical experience of fitting prostheses which shows that 
amputees often have a tendency to walk at a speed that suits swing damping 
conditions regardless of intended walking speed. Donelan et a/. (2001) investigated the 
influence of step width with energy cost and found during experiments that when 
study participants were forced to walk with either wider or narrower step width, the 
cost of walking increased with square of variation from the preferred step width. 
These findings would appear to suggest that self-selected kinematic patterns are 
naturally regulated to facilitate locomotion at the lowest possible metabolic energy 
cost. In another attempt to discover the determinates of efficient locomotion Borghese
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et al (1996) considered kinematic characteristics that remained fairly invariant across 
a range walking speeds. Borghese et al. (1996) observed that one feature in particular 
of walking kinematic patterns exists that remains fairly invariant across walking speed 
and individual subjects, that is the foot, shank and thigh segment elevation angles. 
The elevation angles refer to the orientation of the limb segments in the sagittal plane. 
When the segment orientations are plotted three dimensionally the trajectories form a 
loop that lies in a single plane as shown in figure 2-5. The plane on which the 
trajectory loops lies is defined as the “plane of covariation” Borghese et al (1996). 
proposed his results to be evidence of a “law of inter-segmental co-ordination” that 
demonstrates a fundamental feature of optimum walking at any speed. In a follow up 
study Bianchi et a l (1998) observed that the orientation of the plane rotates slightly 
with changing speed about an axis lying within the plane. Proposing this characteristic 
as the “second law of kinematic coordination” The degree to which the plane rotates 
was found to be different across subjects and that parametric tuning of the angular 
covariation plane is correlated to the measured net power expenditure during gait. 
The authors concluded suggesting that the coordination of kinematic patterns may be 
automatically regulated to minimize metabolic energy cost. It should be pointed out 
than only an association between measured mechanical work expenditure and the 
coordination of limb motions was identified in this study. These results do not imply a 
causal relationship between the coordination of limb motions and the energy cost of 
walking.
Slow gait Moderate gait Fast gait
Æ .
Oo
SHANK
8
SHANK SHANK
Figure 2-5: Inter-segmental foot, shank and thigh coordination, plane of covariation, at slow, 
moderate and fast gait speeds, from Borghese et al ( 1996)
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These collective findings suggest that there is an underlying self optimizing control 
system that influences the motion patterns during walking. These finding are of 
particular interest with regard to the aims of this project, as it suggest that it is 
worthwhile examining the timing and coordination of thigh and shank prosthetic limb 
motions since they may similarly relate to the optimization of amputee locomotion.
2.2 Transfemoral amputee gait
The main difference between TF amputee and normal gait is a lack of knee flexion 
and extension during stance. This is normally not permitted because amputees cannot 
resist knee flexion by generating an adequate extension moment about the knee and 
the knee must provide stability during stance phase. Unilateral TF amputee gait is 
noticeably asymmetric, swing on the amputated side is longer than on the sound side 
and double support phase tends to be longer than normal. Consequently sound leg 
stance phase is longer and swing is shorter than normal (May and Davis 1974; 
Murray, Mollinger et al. 1983; Jaegers, Hans Arendzen et a l 1995). Other commonly 
seen TF amputee gait deviations are listed as follows: Some examples are shown in 
figure 2-6.
1: Circumduction: The prosthesis follows a laterally curved line as it swings through. 
2: Vaulting: Excessive plantarfiexion of the sound foot during stance phase causing 
increased vertical displacement during locomotion.
3: Hip hiking: Excessive vertical rising of the hip on the amputated side during swing. 
4: Lateral trunk bending: The trunk bends towards the amputated side during stance 
phase.
5: Abducted gait: The width of the walking base is significantly greater than the 
normal range.
6: Lumbar lordosis: The normal convexity of the lumbar area is exaggerated when the 
prosthesis is in stance phase.
7: Steppage gait. An exaggerated prosthetic swing step action caused by abnormal 
swing timing
8: Aggressive terminal impact: The prosthetic shank comes to a sudden and abrupt 
stop as the knee reaches full extension.
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9: Uneven heel rise: An abnormal amount of heel rise occurs during swing phase.
A B c
I) ^
Figure 2-6: Some examples of commonly seen gait deviations in transfemoral amputees, A- 
lateral trunk bending, B-circumduction, C-vaulting, D-uneven heel rise and E-aggressive 
terminal impact. Images taken form, www.oandp.com
This list is not exhaustive and amputees may exhibit any one or more characteristics 
to varying degrees. In general the causes may be attributable to more than one setup 
factors. The last three listed gait deviations above are in particular often due to the 
poor performance of a swing phase control device.
The fact that prosthetic knee and ankle joints are mechanically passive and poorly 
controlled compared to a biological leg means that amputees exhibit distinctly
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abnormal motor patterns as shown in figure 2-7. These differences are summarised as 
follows from (Winter and Wells 1981; Seroussi, Gitter et al. 1996). Because the knee 
is locked during the majority of stance phase no power is absorbed and generated 
during K1 and K2 phases. The timing of K3 swing phase absorption is similar 
between prosthetic leg and normal subjects, however the timing of phase K3 on the 
amputees sound side is shown to be significantly later.
More obvious differences are shown at the hip joint, the sound leg of an amputee 
generates significantly more concentric hip power in phase 1 compared to normal 
subjects and the prosthetic leg. Considerably more negative hip work over H2 is seen 
at the prosthetic limb compared to normal and is suggested by Serrroussi et al. (1996) 
to be a consequence of not having stance phase knee flexion whereby the increased 
work is required to pull the body over the predominantly straight limb. The transition 
from H2 to H3 associated with hip ‘pull-off is noticeably more aggressive when 
compared to the sound side and normal subjects. The amount of work shown to be 
generated to propel the limb into swing phase H3 is greater than normal on the 
prosthetic side and less than normal on the sound side. These findings must also be 
considered in relation to the weight differences between prosthetic and sound limb as 
the prosthesis is normal considerably lighter than the biological leg.
The prosthetic ankle generates significantly less energy at A2 compared to normal. 
Even the spring like action of modem energy storing and return feet fall someway 
short of normal. This burst of energy is considered to be one of the main propulsion 
drivers during walking transmitting mechanical energy proximally up through the leg 
into swing phase (Winter, Quanbury et al. 1976; Winter and Robertson 1978; Yack, 
Nielsen et al. 1998; Siegel, Kepple et al. 2004). The aggressive and exaggerated 
concentric hip activity H3 (when the weight of the limb is considered) combined with 
increased concentric hip extensor activity seen in the sound limb are most likely used 
to compensate for decreased prosthetic ankle push off A2.
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Figure 2-7: Comparison of ankle (A), knee (B) and hip (C) joint power patterns in normal 
subjects (solid line) and TF amputees, prosthetic limb (dotted) and sound side (dash-dot). 
Adapted from Serroussi (1996).
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2.2.1 The influence o f walking speed on TF amputee knee motion during 
swing phase
Walking speed changes can have a particularly noticeable effect on the swing phase of 
TF amputee gait. Passive swing control devices lack the ability to adapt to increase 
and decrease damping properties in line with walking speed. Data taken from 
Wilkenfeld (2000) shown in figure 2-8 illustrates the effect of walking speed on peak 
swing phase knee flexion angle of a unilateral TF amputee when using a non speed 
adaptive swing phase control.. The prosthetic limb data denoted by the black 
diamonds show shows marked increases in peak knee flexion angle compared to 
sound limb data shown by the unfilled square boxes and normal subject data shown 
by the error bars.
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Figure 2-8: The effect of walking speed on peak swing flexion angle in unilateral TF 
amputee gait using conventional non-adaptive swing phase controls. The error bars represent 
normal control data for comparison. Square open boxes are sound limb and blaek diamonds 
are prosthetic limb peak swing phase knee flexion angle data. Graph from Wilkenfeld (2000).
When walking speed increases the knee damping remains at a fixed level as a result 
flexion becomes excessive becoming worse as speed increases. This can be observed
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visually as excessive ‘heel rise’. At extreme levels gait becomes awkward and can in 
fact limit walking speed due to the disruption of swing phase timing. The primary aim 
of a speed adaptive swing phase control is to adjust knee damping to preserve correct 
swing coordination and timing, producing more efficient and comfortable gait over a 
wide range of speeds.
2.2.2 Physiological cost o f amputee locomotion
The goal of amputee rehabilitation is to provide a comfortable and efficient means of 
ambulation. Measurement of oxygen consumed during walking is an established 
method of determining the metabolic cost of walking, and has been widely used to 
evaluate the outcomes of prosthetic interventions (Waters, Perry et al 1976; Waters, 
Lunsford et al 1988). It is well know that energy consumed per unit distance is 
significantly greater in the amputee population and can depend greatly on cause and 
level of amputation. Generally it has been shown that the energy expired during 
locomotion accounting of for body mass follows a parabolic curve of the form E = b+ 
mv“ where b and m are constants see figures 2-9 and 2-10.
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Figure 2-9: Relationship between energy expenditure in cal/min/kg and the square of speed. 
The graph data represents the results of a number of studies summarised by (Bard and Ralston 
1959)
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An alternative way to express energy expenditure is to consider the data both in terms 
of walked distance and body mass, for example the equation stated above can be 
written in terms of energy expenditure per meter as follows.
Em=cal/metre/kg = 29/v + 0.0053v
The curve produced is a hyperbola with a minimum relating the speed at which the 
least energy expenditure occurs. For different individuals the general characteristics of 
the curve remain the same although depth of the curve and location of the minimum 
varies. It has be shown experimentally that if a person is free to walk at their 
‘comfortable’ or ‘natural’ speed they will adopt a speed which is approximately equal 
to the point at which minimum energy expenditure occurs. This finding is illustrated 
in figure 2-10 which show results published by Bard and Ralston (1959) who 
conducted a study involving six amputees using various assistive devices. The arrows 
on the curve indicate the naturally selected walking speed.
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Figure 2-10: Average energy expenditure in cal/metre/kg of normal subjects (shown by 
shagged region) and amputee using various assistive devices. Arrows represent natural 
walking speeds. Graph from Bard and Ralston (1959).
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2.2.3 Gait repeatability as an outcome measure o f prosthetic control 
In the absence of a universal and clear indication of what the ideal ‘optimum’ 
prosthetic gait outcome should be given the restrictions of current technology and 
varied amputee abilities, a practical compromise must be sought when investigating 
outcome measures. The most basic starting point requires an outcome measure that is 
at the very least comparable with the subjectively judged satisfaction of the user and 
prosthetist. Ideally for the purpose of automating the setup process outcome measure 
trends during limb setup must sufficiently follow the opinions of the user and 
prosthetist over all possible walking speeds such that they may be used in a practical 
control system. Determining practical outcome measures which relate to prosthetic 
control performance and that also do in some way describe user satisfaction is 
difficult not least because the root causes of ‘user satisfaction’ are likely to multi­
factorial and somewhat variable between subjects. This may be particularly in the case 
of a new limb build whereby perception of control performance may be masked by 
other limb setup issues whieh may relate to, for example, an unfamiliar or ill-fitting 
socket and changes to alignment. However once other limb setup issues are 
satisfactorily resolved, practical experiences with ATFP swing phase programming 
indicates that many amputees appear to have a sensitivity and awareness of relatively 
small limb programming adjustments and their effects on the function of the 
prosthesis. This is in spite of the obvious loss of the normal proprioceptive clues as to 
the position of the limb in space. This raises the broader motor control question as to 
what factors provide this sense of functional awareness. Clearly a better 
understanding of the factors that influence the perceived ease of walking and knee 
control performance would be helpful from the point of view of setup analysis.
Walking with an adaptive swing phase control has been shown to reduce the energy 
cost of walking (Kirker, Keymer et a l 1996; Taylor, Clark et a l 1996; Buckley, 
Spence et a l 1997; Perry, Bumfield et al 2004) Subjective assessment from users 
indicates that it’s much easier to walk with a speed adaptive swing phase control, such 
as for example the IP (Intelligent Prosthesis) compared to a conventional pneumatic 
swing phase control generally known by the acronym PSPC (Kirker, Keymer et al 
1996; Datta and Howitt 1998; Schmalz, Blumentritt et a l 2002). However
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measurement of energy consumption is not a practical method to guide limb setup. 
Aside from physical energy expenditure other faetors may be involved in the sense of 
walking difficulty. The cognitive burden of prosthetic locomotion may be another 
factor relating to the perceived difficulty of walking drawn from the simple premise 
that amputees will prefer a setup where less mental attention is required to control the 
prosthesis. In other words a setup which is more ‘in tune’ with the users preferred way 
of walking. The effects of adaptive swing control on the eognitive burden of walking 
have been studied experimentally by Williams et a l (2006) and Heller et a l (2000). 
In Williams’s study cognitive performance measures were used to evaluate and 
compare the perceived cognitive burden between using the C-leg (Otto Bock GmbH) 
and SNS (hydraulic stance ‘n’ swing phase) controls when walking at fixed speeds on 
a treadmill. The study found no significant difference in objective cognitive 
performance between knees controls, although subjective reports from study 
participants indicated that walking with the C-leg required less cognitive attention. 
However this study does not allow fair comparison of the specific effects of adaptive 
swing control due to the significantly different way stance control is implemented. In 
the SNS unit hydraulic stance support is released by a deliberate and unnatural 
hyperextension action late in stance phase, which has the potential to influence the 
cognitive demand of walking. In the C-leg hydraulic stance support is released 
automatically by way of electronic control according to a pre-programmable ankle 
bending moment threshold. In Heller’s study the analysis focused entirely on the 
effects of IP versus PSPC swing control since the same stabilising stance control 
(Endolite ESK) was used in both IP and PSPC limbs. Total body sway was used as an 
outcome measure to evaluate the cognitive demand on walking. Sway was determined 
from the three dimensional trajectory of a reflective marker placed upon the forehead 
measured using video based motion analysis. The ratio of sway for a complex task 
over a simple task (automation index) was used to quantify the cognitive effects on 
walking between knee controls while walking on a treadmill at changing speeds. No 
significant differences in automation index were found between knee controls. 
However the measured sway velocity when using the PSPC device was significantly 
higher (p=0.047) than the sway velocity measured using the IP, suggesting altered gait 
patterns.
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An awareness of prosthetic limb control may also be attributable to sensations drawn 
from the repeatability of walking patterns. Zahedi et al (1987) proposed the idea that 
the stride-to-stride variability of locomotion reflects the degree of control of the 
prosthesis. The idea drawn from data in which various prosthetic alignments were 
tested is based on the finding that the most repeatable gait patterns are produeed from 
an optimum prosthetic alignment. It has not yet been determined if this applies from 
the specific perspective of swing phase damping setup. The concept of using stride to 
stride repeatability measures as an indicator of control performance applied to 
automating limb programming has been described previously in a US patent (Zahedi 
and Sykes 2004), although to the author’s knowledge experimental testing of this 
approach has not yet be reported in literature. Furthermore despite widespread use of 
ATFPs in recent years with speed adaptive capability, the repeatability of TF 
locomotion across a wide range of walking speeds has not yet been reported and 
remains largely unknown. Fven if repeatability measures were not used to quantify 
the setup and performance of a prosthesis, a thorough understanding of the 
repeatability of amputee gait would be a prerequisite for evaluation of other possible 
outcome measures. For these reasons the first research hypothesis relating to amputee 
gait repeatability as stated in section 1.5 was formulated
In a study of the repeatability of TF locomotion the variability of the data could also 
be measured against the levels of repeatability in non-impaired walkers, although the 
variability due to the sensing method that may involve mounting sensors on soft tissue 
would first have to be quantified. Comparison of normal and amputee loeomotion 
variability and it’s implication for motor control, must also be considered carefiilly as 
an amputee’s ability to eontrol walking is greatly diminished compared to normal. 
Amputees are often forced to adopt a particular style of locomotion in order to make 
the prosthesis frinction satisfactorily and therefore this can influence repeatability 
measures. Moreover Zahedi (2005) found the consistency of walking speed in 
transfemoral amputees to be greater than normal, suggesting this to be due to a desire 
to maintain a comfortable walking speed and an intolerance of variation in the speed 
of walking.
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In literature few studies other than reported by Zahedi et a l (1987) have sought to 
quantify the repeatability of TF amputee gait. Part of the reason for this may be due 
to the difficulty of obtaining consecutive stride data in many gait labs. Unless a large 
capture volume and long force plates are available only data from a few complete 
consecutive strides maybe captured. In Zahedi’s study a six axes pylon transducer and 
a Kistler force plate was used to collect kinetic data and a TV video system was used 
to capture kinematics. The kinematic data reported was from successive traverses 
through a restricted measurement volume and thus the kinematic data include within 
run and between run varianees. The kinematic data therefore may not have been a true 
reflection of the repeatability for consecutive stride-to-stride walking. The degree of 
variation was shown graphically from time normalised superimposed waveforms and 
standard deviation data. More recently waveform similarity statistics such as the 
coefficient of multiple determination (CMD) have been used to quantify repeatability 
of time series waveform data (Kadaba 1989; Besier, Stumieks et a l 2003). The 
consecutive stride data eaptured using the pylon transducer showed that the step to 
step anterior-posterior and axial force data appeared more repeatable with some 
alignments than others although interestingly all alignments were considered 
acceptable by both prosthetist and amputee. In another study of prosthetic alignments 
in TT and TF amputees it was found that the same experienced prosthetist could not 
reproduce similar alignments on different fitting sessions and considerable variation 
of alignments can be aecepted by the same amputee (Zahedi, Spence et a l 1986). This 
finding provides an intriguing insight into the scope of prosthetic setups that may be 
considered acceptable. The difficulty prosthetists may have to visually observe subtle 
biomechanical changes to control is also highlighted. The fact that various alignments 
may be acceptable rather than the existence of one fixed optimum alignment which 
can only be found from more precise biomechanical measurements also implies that 
amputees have the capability to ‘optimize’ a range of setup variables without 
detrimentally affecting locomotion or at least have a real tolerance of a range of 
settings. If the same is true from the point of view of swing phase damping setup then 
satisfactory swing phase damping settings may also fall within a small range of 
settings. Considering all possible factors that can influence control performance the 
fact that the ideal ‘optimum’ setup is unknown from the outset of limb fitting is a key 
problem leading to uncertainty that the eventual setup is in fact the best one. Put
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simply Zahedi’s findings suggest that some settings are likely to be better than others 
within a range that is considered acceptable. From the point of view of the present 
project this would imply that the trends that highlight the optimization process during 
limb setup are of crucial importance, and in a practical context may be more relevant 
than the determination of specific ‘optimum’ states. These findings further highlight 
the need to develop outcome measures to assist in the setup optimization of 
prostheses.
2.3 Prosthetic knee control: stance control mechanisms 
The inability of amputees to resist knee flexion effectively requires that flexion 
resistive torque be applied to the knee to provide stance stability, however knee 
resistance needs to be controlled over the gait eycle in a way that does not hinder the 
transition into swing phase. The contradictory nature of stance control to both support 
body weight in the initial stages and also allow the knee to be free to flex to transition 
into swing phase late in stance phases poses a considerable design challenge. A 
variety of conventional stance control devices are available most conventional designs 
are either reliant on knee geometry (e.g. polycentric), weight activation (e.g Fndolite 
FSK) or reliant on a knee hyperextension actions to remove stance support prior to 
swing such as the Mauch stand-and-swing (SNS) units. An overview of commonly 
used mechanism is shown in figure 2-11. A summary of the day to day functional 
trade-offs that must be considered for each type of device is described by Zahedi et al. 
(2005). In general there are many factors which can govern prosthetic knee stability 
these include, the length and strength of the residual limb, the socket-stump interface, 
the prosthesis alignment geometry and the functionality of the knee and ankle/foot 
mechanisms.
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Figure 2-11: Commonly used stance control mechanism. A, B, and D are weight activated 
stance control. Hydraulic stance controls (C) such as the SNS provides a ‘yielding’ style of 
stance support which is disengaged by a hyperextension movement prior to swing phase.
Stance support mechanisms can also be controlled electronically. Normally the main 
control problem concerns the release of stance support prior to swing. The onset of 
stance can be easily detected by measuring the load applied to the prosthesis or the 
onset of full knee extension following swing phase. The knee controller must be allow 
to knee flex into preswing while the limb is loaded. This can be done for example as 
employed by the C-leg (Otto Bock GmbH) by setting an ankle bending moment 
threshold to trigger the release of stance support. Figure 2-12 shows how an ankle 
bending moment signal and threshold from a strain gauged pylon can be used to 
trigger the release of stance support. The threshold is set to control the transition 
between phase 2 and 3, this style of control is know as finite state control and is 
described later in more detail.
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Figure 2-12: Electronic control of stance support (release) by setting and ankle bending 
moment threshold. The popular C-leg (Otto Bock GmbH) controls stance in this way. Graph 
taken from James (1996).
2.3.1 Alignment
The most basic method of stability is provided by controlling the knee anterior- 
posterior joint alignment relative to the hip and ankle joints which are positioned 
geometrically in such a way as to promote knee extension in early stance. The 
alignment of the foot is also important as an aggressive heel lever will have a 
tendency to propel the shank forwards creating knee instability. The alignment is 
normally carried out in two ‘bench’ and ‘dynamic’ stages. The bench alignment is 
normally carried out to the manufacturer recommendations during limb assembly. 
Dynamic alignment is carried out by the prosthetist who will make alignment 
adjustments following a visual evaluation of gait. A ground reaction force video 
vector system may also be used if further analysis is required. Alignment is adjusted 
to provide a level of stability that is matched to the voluntary control capabilities of 
the amputee. Voluntary control as described previously normally refers to the 
biomechanical control contribution to limb stability provided by the amputee.
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Figure 2-13: The affect of knee centre alignment and voluntary control knee factors 
contributing to knee stability. The quasi-static representation of P-Q ground reaction vectors 
at heel strike and heel-rise relative to the knee joint centre define a geometrical stability zone 
S. Adapted from Radcliffe (1977)
Figure 2-13 (a) shows the situation of the prosthetic limb at HS the weight carried 
through the hip causes the knee to buckle, however by applying a voluntary hip 
extensor moment M the knee can be stabilised providing the knee centre of rotation is 
kept behind the vector P-Q. The situation of heel rise is shown in the figure 2-7(c) a 
voluntary flexion torque can be applied by the amputee however the load carried 
through the hip causes a hyper-extensive torque about the knee, unless the equivalent 
force vector P-Q passes posterior to the knee axis as shown. Figure 2-7(b) shows a 
zone of stability (show shaded) consistent with levels of voluntary control. A joint 
centre that is aligned posterior of the voluntary control zone can both assist stance 
stability but also impede pre-swing heel rise. A balance must be struck when aligning 
the prosthesis between stance stability, ease of pre-swing and the level of voluntary 
control provided. It is this balance of function that is evaluated by the prosthetist 
during the dynamic alignment process.
52
Chapter 2. Background and literature review: Normal and transfemoral amputee
_________________ locomotion, prosthetics and related research
2.3.2 Swing phase control
Satisfactory control of a prosthetic knee joint during swing solely from voluntary hip 
motion is difficult to achieve. For example, if a prosthetic knee was allowed to swing 
freely, hip flexion in early swing actually exacerbates the problems of controlling the 
amount of knee flexion due to a pendulum type action. Similarly a free swinging knee 
is also likely to extend too rapidly towards the end of swing phase and come to an 
abrupt stop as full knee extension is reached. In contrast if the knee joint was 
excessively stiff or locked rigid, walking would be tiresome due to an increased 
demand on the hip musculature. For these reasons it is preferable to control swing 
phase using an external flexion/extension control device. A swing phase control 
device has to simulate the actions of the quadriceps and hamstrings musculature used 
to control swing phase of walking. Furthermore simulation of this muscle activity 
should ideally be variable to cope with changes to walking speed. A graph of the 
required damping profile defined by Radcliffe (1977) in figure 2-14 shows that there 
are three phases of knee control required. During the initial acceleration phase of 
swing the quadriceps are called upon to control the amount of knee flexion to 
approximately 60 degrees. The quadriceps also act briefly to accelerate the limb 
forwards this is shown by the shaded region on the graph. The hamstrings act to 
decelerate the rate of extension of the forward swinging leg.
Several types of swing phase control actuators are available. The simplest is a 
mechanical spring some times known as an internal calf spring (ICS) which is used to 
retard knee flexion during the initial swing phase and promote knee extension via the 
storage and release of elastic energy. Better swing control can be achieved with a 
hydraulic or pneumatic actuator device which can provide a non-linear damping 
characteristic closer to that shown by normal function (Radcliffe 1977).
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Figure 2-14: Ideal swing phase damping profile simulating quadriceps and hamstring activity 
described by Radcliffe (1977).
Hydraulic controls can for example consist of a number of orifices which are 
successively closed during knee flexion creating a nonlinear damping characteristic. 
Pneumatic devices can also provide nonlinear damping by a combination of both air 
compression and controlled leakage through an orifice. The damping profile offered 
by pneumatic control shown in figure 2-15 is generally the closest to the required 
normal damping profile defined by Radcliffe (1977). More detailed mechanical design 
aspects of hydraulic and pneumatic swing phase controls can be found in literature 
(Wallach and Saibel 1970; Zarrugh and Radcliffe 1976)
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Figure 2-15: Pneumatic swing phase control (PSPC) damping profile, taken from Radcliffe 
(1977).
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2.3.3. The intelligent prosthesis (IP+) swing phase control
The mechanical operation of the Endolite IP+ pneumatic swing phase control is
shown in figure 2-16.
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Figure 2-16: 3 phase swing phase operation of the Endolite IP+ pneumatic swing phase 
control. Diagram from (Zahedi, Sykes et al. 2005)
The IP+ damping cylinder first controls knee flexion ‘heel-rise’ (shank backwards 
rotation) via a restricting orifice. Gradually pressure builds up in the cylinder acting 
like an air spring which helps to propel the shank forwards. The limb is then 
decelerated towards full extension using an air cushion provided by another restricted 
valve orifice. In conventional pneumatic swing phase controls the flexion and 
extension adjustment valves are adjusted to produce a comfortable ‘normal’ walking 
speed. A limited range of walking speeds is normally possible however significantly 
slower and faster walking becomes more difficult. It was this difficulty which led to 
the first commercial application of microprocessor control in lower limb prosthetics 
called the intelligent prosthesis (IP) and followed a few years later by the IP+ both by
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Blatchford Ltd. The IP+ uses a stepper motor to control a flexion damping valve, the 
extension cushion remains manually adjustable. Flexion resistance is graduated into 
46 adjustment settings (valve setting 0 = fully open, valve setting 46 =fully closed). 
(Zahedi 1996). During limb programming an estimation of cadence is continuously 
recorded based on an average of several strides. The prosthetists remotely adjusts the 
damping control using a wireless programmer. Wireless programming devices for the 
IP+ and Adaptive prostheses (Chas A. Blatchford & Sons Ltd.) are shown in figure 2- 
17.
V/
A '►
Figure 2-17 Wireless programming devices used to remotely adjust and setup knee control 
while the amputee walks. Shown on the left is the IP+ programmer, no visual indication of the 
valve position is provided. Shown on the right is the Adaptive Prosthesis hand held 
programmer. The LCD display can be used to monitor sensory information and valve 
position. A modified Adaptive Prosthesis controller was used to monitor and adjust the IP+ 
hardware in this project. Pictures from www.blatchford.co.uk
Once both the prosthetist and amputee are satisfied with the operation of the knee the 
valve setting and the matching walking speed data (cadence) is saved into the 
software (i.e. the software is ‘taught’ the correct operation of the knee). This process 
is repeated for preferred slow, normal and fast cadences, 2 intermediary cadences are 
automatically calculated providing a total of 5 cadence bands. During play-back the 
walking cadence is continuously measured and the valve is adjusted to the matched 
valve setting saved previously during the programming phase.
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The swing damping control parameters of other ATFPs such the popular C-leg (Otto 
Bock, GmbH) are also setup largely by way of subjective analysis and trial and error. 
The C-leg is setup using a laptop PC and software known as ‘sliders’ which is used to 
adjust control parameters. A screenshot of the sliders software interface is shown in 
figure 2-18.
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Figure 2-18 A screen shot of the ‘sliders’ software interface used to setup control parameters 
of the C-leg. The 4 parameters relevant to swing phase control are the, swing flexion 
damping, initial swing flexion damping, knee angle threshold and dynamic factor setting. 
Screen shot from www.Ottobock.com
The swing phase performance of the C-leg is adjusted by altering four control 
parameters, swing extension damping, initial swing flexion damping, a knee angular 
threshold and a ‘dynamic factor’. The initial swing flexion and extension parameters 
set base resistance levels. The knee angular threshold sets a flexion angle limit. When 
the flexion angle limit is exceeded in swing phase the damping response is actively 
adjusted according to a set ‘dynamic’ factor and the measured walking speed. 
Regardless of the programming equipment used and procedure to setup current the 
current generation of ATFP there remains a lack of practical methods available that 
could be used to assist the setup process or help evaluate the performance of different 
control system setups.
57
Chapter 2. Background and literature review: Normal and transfemoral amputee
locomotion, prosthetics and related research
2.3.4 Voluntary control o f swing phase
Although amputees do not have direct or complete control of the knee they are able to 
influence the operation of the knee to a limited degree by the actions of the thigh. The 
hip motion of TF amputees during swing phase are known to follow a particular 
pattern described by Murrey et al (1983). At the time of TO the hip is flexing, the 
flexing action appears visually more aggressive than seen in normal walking (refer to 
figure 2-7, H2-H3 power transitions) caused by the lack of ankle push off and the 
slightly longer stance phase. The ballistic pendulum action of the shank causes the 
knee to flex which as already described needs to be controlled by the swing phase 
control mechanism. Around the time when the shank is vertical the hip is rapidly 
extended this promotes shank forwards rotation towards full knee extension. Perry 
(1992) refers to this action as the ‘pass and retract’ mechanism as shown in figure 2- 
19. Perry (1992) concludes that this mechanism which is also seen in normal gait 
exists to reduce the demand on the knee extensors. The pass and retract mechanism 
tends to be more pronounced in pathological gaits where there is difficulty extending 
the knee.
Figure 2-19 The ‘pass and retract’ mechanism described by Murrey et al. (1983) and Perry 
(1992) which shows how the motion of the thigh can be used to influence the control of 
swing phase, illustration taken from (Flowers 1972)
When considering the development of ATFP thus far, the lack of convenient sensing 
technologies from which to monitor directly the controlling movements of the 
amputee has in the opinion of the author been a notable drawback. It is obvious that 
the thigh segment (stump) is predominantly under amputee voluntary control, while 
shank motion relative to the stump is predominantly by prosthetic control. Clearly
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both prosthetic and voluntary control contributions are interrelated to some degree. 
However the underlying mechanisms of this control relationship are not well known. 
The research findings reviewed in section 2.1.2 and 2.2.3 suggests some aspects of 
voluntary control may be related in some way to both the coordination of segment 
motions space and that control may influence the repeatability of walking. The goal 
of any prosthetic setup is to optimise the functional synergy between amputee 
voluntary control and prosthetic control. If the prosthesis is unable to adapt when 
required then the physical demands upon the amputee are increased. For example 
some conventional non-adaptive prostheses are heavily reliant on fixed biomechanical 
synergies in order to function and thus normally restrict the users gait pattern and 
potential for adaptation. A good example of this is the stance hyper-extensive action 
required to disengage stance resistance for swing phase in the popular stance and 
swing phase (SNS) type of hydraulic knee controls. This limitation can impose a 
considerable cognitive and physical burden upon the user. Current generations of so 
called ‘intelligent’ transfemoral prostheses (ATFPs) such as the popular Otto Bock C- 
leg and Endolite IP+ are less restrictive and use some form of on-board computational 
intelligence to ‘actively’ alter levels of knee resistance according to detected walking 
conditions. The research which led to these innovations is described in the following 
section.
2.4 ATFP Research
The concept of intelligent microprocessor control applied towards prosthetic 
applications was first proposed by Tomovic and McGee (1966) who recognised that 
finite state machines could be used to regulate artificial control responses according to 
a logical breakdown of locomotion phases (Tomovic 1968). This type of control is 
normally referred to as finite state control (FSC), the specific application towards the 
artificial control of limbs was later formalised as artificial reflex control (ARC) 
(Tomovic 1968; Popovic, Tomovic et al, 1991; Tomovic, Popovic et al 1995). The 
method works such that control responses are selected and triggered by a set of 
heuristic rules which match input sensory states to the desired control action. The set 
of control rules are normally formulated by experts familiar with the biomechanical 
requirements and rehabilitation technology, hence the system is also known as an
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‘expert’ system. One of Tomovic’s key observations was that motor control appears to 
exist on different levels. He noted that a high level ‘coordination level’ control drawn 
from the cyclic invariant features within locomotion can be used to supervise lower 
level actuator control level responses (Tomovic, Anastasijevic et al. 1990; Popovic, 
Tomovic et al. 1991). Various other researchers have remarked on the extraordinary 
similarity between the principle of FSC and aspects of biological motor control (Das 
and McCollum 1988; Bekey and Tomovic 1990; Prochazka 1993). Many applications 
of Tomovic’s original ideas towards the control of artificial limbs are found in 
research literature (Grimes 1979; Aeyels, Peeraer et a l 1992; James 1996; Zlatnik, 
Steiner et a l 2002). The principles of FSC are also readily seen in today’s 
commercialised ATFP systems such as the popular C-leg (Otto Bock GmbH) and 
Rheo Knee (Ossur hf.).
The culmination of Tomovic’s work was a prototype powered knee prosthesis known 
as the ‘Belgrade Knee’. Controlled via a system of ‘artificial reflexes’ (control 
responses triggered from defined sensory conditions) this self contained knee allowed 
walking up and down stairs in the more natural step-over-step way and provided 
powered assistance for walking up ramps. The actuator mechanism comprised of a 
motorised ball screw combined with a braking mechanism which facilitated pendulum 
like swing motions. The sensor system comprised of a knee joint angle sensor, a 
pendulum inclinometer on the shank of the prosthesis and heel and toe foot switches 
under both feet. The knees development was ultimately plagued by mechanical 
problems (Tomovic, Popovic et a l 1995).
Conventional numerical control techniques have not been widely explored for 
prosthetics control on the grounds that system performance is not easily prescribed. 
Put another way desired knee performance will change considerably for a range of 
different activities. The fact that it is very difficult to predict the interaction of an 
amputee with a prosthesis (especially when the control is changing dynamically) with 
any certainty and accuracy is another serious problem. Adopting a classical control 
approach requires the simplification of the lower extremities into an applicable 
mechanical model and the prescription of limb ‘plant’ behaviour. Formulation of a 
mathematical model requires the behaviour of the system to be completely predictable
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and known. Modelling the mechanics of a prosthetic limb is comparatively easy 
compared to the biological limb. However the prescription of limb motion for variable 
real-world walking environments is not easily specified. Altering the control of the leg 
requires the identification of abnormal (not as specified by the controller) behaviour. 
If the means of modelling plant behaviour is limited in terms of prescribed behaviour 
so too is the scope for control. Still further, identification of instances during gait to 
apply control changes from continuously variable analogue records is also extremely 
difficult. Nevertheless, Popovic et a l (1991; 1993; 1995) worked on numerically 
based, state space control algorithms as did Wang et a/. (1992) and Tsai and Mansour 
(1986). Ju et a l (1995) experimented with “ fuzzy logic” control and Kalanovic et 
6z/.(2000) simulated knee control using a neural network.
Arguably the most productive ATFPs research group so far has been MIT’s famous 
leg lab. Professor Woodie Flowers pioneered the groups research obtaining a PhD for 
the development of a transfemoral prosthesis electro-hydraulic simulator system in the 
early 1970s (Flowers 1972). The simulator he developed was intended to provide a 
research tool to explore and test new control strategies, primarily because the 
interaction of an amputee using a prosthesis cannot be modelled effectively to allow 
control system development. The system was fully powered so was capable of 
investigating both passive and active actuator control systems. However the hydraulic 
pump used to provide power was not self contained within the prosthesis and thus 
restricted use to within the lab. An overview of the Flowers knee simulator is shown 
in figure 2-20.
Grimes (1979) followed up this work a few years later using the Flowers simulator 
developed to work on an adaptive control system which included 7 different activity 
specific control modes including sitting, stair and ramp ascent and descent as well as 
adaptation for walking speed. The sensing system included prosthetic limb and sound 
side knee and hip goniometers and heel and toe foot switches. The use of 
electromyography (EMG) was also briefly explored but the computing power of the 
time was insufficient for real-time processing. Grimes (1979) used the fact that foot 
fall contact pattern sequences change while going up and down stairs are different to 
that seen during level walking to predict activity mode changes. The desired trajectory
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for the prosthesis was determined from the sound side joint angle sensor and was 
termed ‘echo’ control. Linske (1983), another student under Flowers also worked on 
various forms of echo control as did Wang et al (1992).
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Figure 2-20:The Flowers ‘man-interactive simulator system for above knee prosthetic 
studies’ (Flowers 1972)
One notable outcome highlighted in these studies was that a prosthesis ‘echoing’ the 
movements of the sound leg also has the potential of reproducing the inherent 
pathological elements of sound leg movements which exist to compensate for the 
deficiencies of the prosthesis. The concept of echo control has the advantage that limb 
programming is not required, however the assumption that the prosthesis should 
mimic the actions of the sound limb can be criticised. While transitioning between 
different walking modes such as level walking to stairs or more simply stopping 
walking the actions of the sound leg reproduced by the prosthesis may not be 
appropriate. Secondly there is an inherent asymmetry in amputee gait particularly 
when stance phase knee flexion is heavily restricted disrupting the transition into 
swing phase, therefore exact reproduction of trajectory of the sound leg may not be 
optimal in some cases.
More recently Bedard (2004) describes a form of echo control for a motorized 
prosthesis control system very similar to the system described by Grimes (1979) 
which uses the data from foot pressures sensors under both feet to predict walking
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activity and a gyroscope to monitor and reproduce sound side shank motions on the 
prosthetic side (Bedard 2004). Bedard’s knee system has now been commercialised 
by Ossur.hf. and is known as the Power Knee, a picture of the knee and sensor system 
is shown in figure 2-21. Ossur are marketing the ‘echo’ control approach as sound 
side sensory control.
Figure 2-21 The Power Knee (Ossur.hf) The first commercialised application of ‘echo’ 
control in advanced ATFP, Shown below the knee unit are the pressure sensing insoles worn 
on both feet and the gyroscope unit worn on the sound limb. Pictures from 
www.Ossur.hf.hf.com
In his patent application Bedard (2004) disclosed the use of a gyroscope on the 
prosthetic thigh as part of an ‘auxiliary sensor system’, however to the authors 
knowledge a detailed description of their use has not been publicly disclosed.
A further disadvantage of ‘echo’ type control is the requirement to wear sensors on 
the sound limb. ATFPs developed for clinical use thus far, adopt a principle of self­
containment. Sensors which are not integral to the prosthesis may be poorly accepted, 
due to the perceived added hindrance and complexity of donning and doffing extra
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‘extemaT sensors. Moreover some amputees may be sensitive to the appearance of 
sensors mounted on their sound limb.
Aside from the exploration of new control strategies, studies on the Flowers simulator 
offered some biomechanical insight into prosthetic knee control. One interesting 
suggestion was based on the observation that at a normal walking speed over level 
ground the knee absorbs significantly more mechanical power than it generates. This 
prompted investigations towards the development regenerative knee prostheses 
(Hunter 1981; Seth 1987). The idea of a regenerative prosthesis relates to a prosthesis 
that can generate power from an electromechanical damping mechanism used to 
control swing phase. The stored energy could then be available to control the knee 
during stance phase. While the concept is intuitively attractive the research 
highlighted a number of difficulties with this approach. Firstly it is very difficult to 
manage mechanical losses effectively in order to make power regeneration feasible. 
Secondly the dynamic way energy is required to be stored and delivered while 
maintaining the correct knee function requires complex management (Hunter 1981; 
Seth 1987).
Another concept extensively explored by the MIT group was the idea of using an 
electromagnetic actuator to control knee braking torque (Lampe 1976; Dawie 1986; 
Goldfarb 1992). The advantage of this kind of actuator is a response speed which is 
considerably faster than servo valve systems. The actuator can also be very finely 
controlled. For example the damping torque can be made to follow a predefined 
profile (Dawie 1986) or made proportional to knee angular velocity (Wilkenfeld 
2000). Recently the latest knee system developed at MIT now known as the Rheo 
Knee (Ossur.hf.) uses a magnetorheological fluid actuator. Under actuation micron 
sized iron particles are aligned according to the field lines generated by an 
electromagnet. The particles are aligned to shear between interspaced disks causing 
the joint resistance.
Recently another knee based on a magnetorheological ATFP actuator called the 
‘Smart Magnetix’ has been described by Biedermann Motech GmbH and Lord 
Corporation USA, which makes use of a damping cylinder originally designed for cab
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seating suspension in haulage trucks. During walking the knee controller adjusts the 
current supplied to the actuator and thus joint resistance during swing phase to 
reproduce a predetermined joint angle profile curve that is stored in memory. The 
reference curve is determined empirically and is the same for everyone. Different 
curves for ramp and stair walking are used (Biedrmann, Matthis et al 2004).
One obvious difficulty that must be tacked in order to implement a finite state based 
prosthetic control system is devising a system to obtain a logical breakdown of 
locomotion and an estimation of user intent drawn fi*om sensor signals Unsurprisingly 
therefore a great deal of reported research has explored various feedback sensing 
modalities. Each approach raises issues concerning intended control function and 
scope, the number of sensors required, sensor performance and their applicability for 
real-time control, as well as the over all practicality of the approach.
The idea of providing a level of conscious control firom electromyography EMG 
signals obtained from the stump muscles is intuitively attractive and has prompted 
many researchers to investigate this sensing method. Surface EMG sensing and 
control approaches have been investigated by Kato et a/.(1976; 1984), Grimes (1979), 
Myers(1981), Aeyels and Peeraer (1990; 1992; 1995) and later Minor et al.{\991) and 
Jin et «/.(2000). The use of surface EMG to control an ATFP is intuitively attractive 
as it implies that a natural and instinctive type of control is possible. However the 
method is subject to a number of difficulties which raise questions as to its viability. 
There could exist for example, wide variation is muscle locations due to surgical 
procedures. Low electrode pick up depth, muscle atrophy, scar tissue, high levels of 
fat and fascia, skin surface condition, perspiration and electrode placement donning 
and doffing are all obstacles which would need to be overcome for clinical use. EMG 
patterns are also reported as being sensitive to prosthetic function (Aeyels, Van 
Petegem et a l 1995), which raises the problem of understanding (at controller level) 
and keeping track of EMG pattern combined with knee function. This is of course 
providing it is possible to model the influence of the prosthetic system on the EMG 
patterns. In most EMG based control studies technical and practical difficulties both 
acquiring reliable signals combined with the complexity of developing real time
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signal processing and robust pattern recognition algorithms are highlighted. To date 
no EMG based ATFP control system has evolved further than the experimental stage.
In a paper entitled “Development of EMG-based mode and intent recognition 
algorithms for a computer controlled above knee prosthesis” Peeraer and Aeyels 
(1990) state that ‘accurate mode and intent recognition cannot be deduced from the 
sensor signals of the actual system such as knee angle displacement/velocity and 
underfoot force as these are variables under direct control of the prosthetic system. 
The validity of this statement could be questioned as it discounts the possibility of 
extracting useful sensory information that is not directly or only partially influenced 
by the controller. It is important to realise that prosthetic limb behaviour remains at all 
times under the control of the amputee to some degree.
The simpler idea of using the angular motion of the stump as a sensory input to 
enhance voluntary control also has logical appeal and was investigated by Bar et a l 
This experimental hydraulic knee controller used hip goniometers mounted across a 
pelvic belt and the socket to provide a ‘voluntary control input’ from which 
locomotion was broken down in 10 phases. The main line of investigation concerned 
the release of stance phase knee resistance and its impact on the hip moment required 
to control the leg. Bar et a l (1983) proposed that hip kinematic signals could be used 
to control knee stability in stance. In order to do this knee flexion in stance was 
promoted by locating the knee centre of rotation in a position causing the knee to 
become highly geometrically unstable during stance. Upon heel strike a small amount 
of hip flexion was permitted before the knee was locked. The knee was unlocked for 
swing upon the detection of sound side heel strike. The control system was 
objectively compared to a conventional hydraulic system in a follow up paper which 
showed 65%, 54% and 30% reductions in peak hip moment towards the end of stance 
phase at slow, normal and fast walking speeds respectively (Ishai and Bar 1984). This 
finding was thought to be mainly due to differences in knee alignment (Ishai, Bar et 
al 1983; Ishai and Bar 1984) .
The idea behind the first commercial application of ATFP the so called “Intelligent 
Prosthesis” (IP) (Nabco/Blatchford) originated in Hyogo Rehabilitation Centre in
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Japan. The idea was for a speed adaptive pneumatic swing phase control. Initially an 
optimal control approach was considered. The swing phase was subdivided into 20 
portions and a sequenced pulse width modulated control signal was calculated so that 
a solenoid controlled pneumatic valve would produce the desired knee angle profile. 
This was later abandoned in favour of the teaching system that exists today 
(Nakagawa 1998).
2.5 Commercially developed ATFP
Motivated initially by academic research activities a small number of prosthetics 
manufacturers have since develop electronic knees for wide spread clinical use. 
Prominent among these is the 1P/1P+ “Intelligent Prosthesis” and “Adaptive Knee” 
(Chas A. Blatchford & Sons Ltd), the 3C100 “C-leg” (Otto Bock GmbH) and the 
recently introduced Magnetorheological-based “Rheo Knee” (Ossur.hf). A typical 
overview of the microprocessor control structure and sensing system, adopted by the 
C-leg and Reho knee and Smart Magnetic (Biedermann Motech) all of which provide 
adaptive stance and swing control is shown in figures 2-22 and 2-23.
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Figure 2-22: Block diagram of the control stmcture of the current generation of ATFP. The 
on-board sensor provide measures of knee angle, knee angular velocity and force and/or 
bending moment. Illustration adapted from (Biedrmann, Matthis et al. 2004)
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Figure 2-23: Diagram of a fluid controlled ATFP showing location of sensors. Illustration 
adapted from (Biedrmann, Matthis et al. 2004). The arrangement is also representative of the 
sensor systems of the C-leg (by Otto bock Gmbh) and the Rheo knee (by Ossur.hf.)
A summary of current commercial available ATFPs systems at the time of writing is 
given in table 2-1. Details of actuator design, functionality and sensing methods are 
listed. Photographs of some current models are shown in figure 2-24. Monitoring of 
the stump motion is considered in this work to be potentially useful from a control 
point of view, however for commercial application mounting sensors above the knee 
on the socket to capture voluntary control may be an impractical and undesirable 
design option since it may require signal cabling to cross the knee joint aside from 
sensor mounting on the socket which is custom made to the amputee. Using a shank 
mounted gyroscope this difficulty can be avoided since a virtual thigh/socket motion 
signal could be derived from a knee joint angular velocity signal and a shank segment 
angular velocity signal.
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Table 2-1: Overview of currently available microprocessor controlled prosthetic knee 
mechanisms. Manufacturer, actuator, functionality and sensing system are described.
Model Manufacturer Actuator Function
Sensing
system
C-Leg/ Compact Otto Bock
Hydraulic with servo 
valve
Adaptive stance and 
cadence control, 
Compact stance 
control only
Knee joint, angle + 
Annular velocity, 
ankle bending 
moment
IP + Endolite
Pneumatic with 
stepper motor valve
Adaptive cadence 
control
Piston stroke 
proximity sensor
Adaptive Knee Endolite
Hybrid, hydraulic 
with servo valve and 
pneumatic with 
stepper motor valve
Adaptive stance 
control and cadence 
control
Piston stroke 
measurement with a 
FSR knee moment 
sensor
Reho Knee Ossur.hf.hf
Low pressure MR 
Actuator
Auto-adaptive 
stance and cadence 
control
Knee joint, angle + 
Angular velocity, 
ankle bending 
moment + axial 
force
Auto Pilot Teh-Lin
Pneumatic with 
servo valve
Adaptive cadence 
control
Joint angle magnetic 
sensor
Smart Magnetix Beiderman MR actuator
Adaptive stance and 
cadence control
Knee joint, angle + 
Angular velocity, 
ankle bending 
moment + axial 
force
Power Knee
Ossur.hf.hf
(Victhom)
Motorized linear 
actuator
Active powered 
stance and swing 
phase control
Knee joint angle. 
Planter pressure 
sensors, thigh and 
sound limb 
gyroscopes
Use of commercialised ATFPs have shown that adding artificial intelligence (Al), to 
make the prosthesis adaptive to walking speed and controlling the release if stance 
support provides significant functional improvements. Improvements in the control of 
speed adaptation can be achieved by, for example, categorising a predicted walking 
speed and thus a damping parameter into cadence bands, a technique adopted by the 
IP+, Adaptive and Rheo-Knee systems. Studies of amputees using the IP and C-leg 
systems show a marked reduction of energy expenditure at faster and slower walking 
speeds when compared to using conventional passive prosthesis (Kirker, Keymer et 
a l 1996; Taylor, Clark et a l 1996; Buckley, Spence et a l 1997; Perry, Bumfield et
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al. 2004). Auto-adaptive functionality allowing more specifically tailored knee 
function to different activity requirements is preferred by most amputees surveyed in 
questionnaires (Kirker, Keymer et a l 1996; Datta and Howitt 1998; Schmalz, 
Blumentritt et al 2002).
A B C
Figure 2-24; Current generations of some advanced prostheses, (A) Rheo Knee (Ossur.hf), 
(B) C-Leg (Otto Bock GmbH) and (C) Adaptive Prosthesis (Endolite).
2.6 Auto-adaptive (self-programming) knees
The concept of a self programming knee is relatively new to the field of advanced 
prosthetics. Because of the problems of predicting amputee interaction with the 
prosthesis, ‘teaching-playback’ systems have generally been used thus far. This kind 
of system is reliant on the expertise of a prosthetists (i.e. limb programmer) to 
recognise when the prosthesis is performing non-optimally and make appropriate 
corrective adjustments. The programming procedure requires that the correct valve 
setting for each speed bands be selected and taught (programmed in) to the knee 
system. The procedure is made more difficult as amputee locomotion in general 
appears to be self optimizing, in other words amputees appear to have a tendency to 
walk at a speed that suits the current knee performance sometimes regardless of 
qualitative instruction (this will be shown experimentally later in this thesis). The
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consequence of this inbuilt self-optimization maybe programmed speed valve settings, 
which may not be the actual preferred walking speed of the user. Put another way 
there maybe a subtle difference between the preferred walking speed to suit the knee 
and intended preferred walking speed which could influence programming outcomes. 
Overall programming outcomes are like to be variable as they are mostly dependent 
on the skill and experience of the programmer. Ari Wilkenfeld (2000) proposed that 
analysis of locomotion to a degree required to setup a prosthesis was feasible using an 
embedded control system on the basis that computers generally perform more precise 
and faster comparative analysis than humans. Clearly the problem that arises is how to 
make a computer tell the difference between good knee function and bad and to act to 
correct knee function. The system Wilkenfeld (2000) reports is reliant on the 
selection of a swing phase knee flexion target angle. An iterative algorithm is used to 
make valve setting adjustments over a range of cadence band to converge upon the 
pre-specified target angle. Programmer input is not completely removed, as the target 
flexion angle is selectable to suit individual physical characteristics and style of 
walking.
The fact that for a normal subject maximum knee flexion angle and its timing during 
swing phase remains fairly invariant to walking speed would suggest that this measure 
is a reasonably valid parameter to use to automatically tune knee damping settings for 
swing phase across a range of speeds. However selection of the desired swing phase 
knee target angle remains subjective and is not straightforward. Firstly maximum 
swing phase knee angle across a group of normal subjects has been shown to vary and 
may range from 55-75 degrees as shown by Wilkenfeld's (2000) own data (see figure 
2-8) . The second issue relates to the timing of maximum swing flexion which will 
clearly affect swing performance if it occurs either too early or two late. Exact 
specification of the ideal peak swing flexion angle and its timing is made more 
difficult due to the natural asymmetry that exists in amputee locomotion combined 
with the abnormal stance to swing phase transition which arises due to a lack of knee 
flexion in stance. Variation in limb alignment, stance support release function and the 
roll-over action provided by the foot are all likely to influence the way swing is 
initiated and thus the optimal swing pattern.
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A second issue concerns the dynamic way a prosthetist interacts with the amputee 
during limb programming that must be replaced in some form by a controller. Put 
simply the control must recognise when the amputee is dissatisfied with knee 
function. In the opinion of the author a clear distinction must be made between 
walking speed intention and a walking speed measurement, it does not necessarily 
hold that an attempt to walk at a particular speed is reflected in an actual walking 
speed measurement. Under certain setup conditions it is not uncommon for amputees 
to report that they encounter significant difficulties while attempting to walk faster 
than a particular speed. Clearly in this type of situation the actual walking speed does 
not reflect the true intentions of the amputee. When a limb is programmed manually 
an amputee can report both difficulties and intentions to the prosthetist who can make 
the appropriate adjustments. With the correct setup the measured walking speed will 
be a good reflection of user intentions. A self-learning programming system must in 
effect detect when the prosthesis does not match the intentions of the amputee. An 
estimation of walking speed can be tested through comparison with another 
measurement system or reference. The validity of any user intent estimator cannot be 
objectively tested therefore comparison of various approaches is difficult.
At the time of writing this thesis (2007) Blatchford released a new self-programming 
version of the IP+ called the ‘SmartIP’ (Sykes, Zahedi et a l 2007). As the name 
suggests this knee was developed to be sufficiently intelligent to self-program itself 
without the expertise or intervention of a prosthetist. Limb programming is initiated 
through a repeated sequence of 3 flex and extend actions. The amputee then 
‘calibrates’ the knee by walking at a comfortable pace with the knee for 12 steps, the 
knee then enters automatically into the programming phase. During programming the 
amputee then walks at a selection of speeds while the tuning algorithm automatically 
adjusts the knee until satisfied with the function. The programming is exited and 
reverts back to playback by holding a flexed knee for approximately 3 seconds. The 
author of this thesis was part of the development team and is a co-inventor on a filed 
patent application which is included in appendix E for further reference. However it 
should be pointed out that a gyroscope based system was not adopted in favour of 
knee motion sensing so that original IP+ hardware could be maintained. The outcome 
measures used by the smartIP algorithm also generally differs from those described in
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this thesis, although some of the analysis methods described in this thesis are related 
and was used to evaluate the control fiinction. Reliable measurement of control 
performance is required so that this and future self-programming algorithms can be 
evaluated effectively. Arguably the most important element of the ‘SmartIP’ system is 
the ‘calibration’ of the tuning algorithm to the amputees preferred way of walking. 
The rationale behind this system concept is set out in more detail in chapter 7 but can 
also be related to the discussion of gait optimization in section 2.1.3.
Another knee which is claimed, as being self-programming is the ‘Auto-pilot’ 
manufactured by Teh Lin (Korea) and distributed by DAW industries (USA). Patent 
and literature searches were carried out in an attempt to discover the operation of this 
knee, however at the time of writing this thesis no published literature could be found 
which describes the self-learning control algorithm. The manufacturers Teh Lin were 
also contacted with a request for more detail on the control system. Although this 
request was acknowledged only marketing literature which did not contain details of 
the self-programming method was forthcoming.
2.7 Review o f sensing systems
In the final section of this chapter, sensing technologies considered to have potential 
scope to address the main aims of this project are reviewed. The reasons why a 
gyroscope based motion sensing solution was considered the most promising route for 
investigation is given. The review is restricted to sensors which will allow both 
development of a wearable gait analysis system for clinical use, and be practical for 
control of ATFPs
Although various sensors may be used to study gait performance such as the 
repeatability of locomotion, to address the aims of this project, data from swing phase 
is required requiring the specific use of motion sensors. Use of knee angular 
measurements which is already available in most ATFPs is useful for a repeatability 
study however does not offer a great deal of insight with regards to voluntary control, 
since the motion of the stump caimot be determined. Goniometry may be used to
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capture hip motions and thus voluntary control but may not be practical for a control 
application due to difficulties in mounting sensors on the hip.
Accelerometers can be used to study limb motions vyith up to 6 degrees of fireedom 
(Morris 1973). However accelerometers are not straight forward to use when 
considered in the context of this project. The main complication is due to that fact that 
accelerometers measure linear motion (although may be on a rotating reference frame) 
and not rotations which would be more useful for analysis of segment and knee 
angular motions. Accelerometers can be used to obtain rotational motion however 
more than one sensor location on a segment is required and the calculated angular 
accelerations and velocities are general of inferior quality compared to those obtained 
from gyroscopes (Wu 1995). The accelerometer signal also comprises of two 
components of acceleration, gravity and a dynamic acceleration which coexist. This 
can complicate signal interpretation and introduce variation in the measurement data 
due to difference in sensor mounting location. Therefore the sensor may not be ideal 
for repeatability studies unless mounting location can be strictly controlled.
Commercial inertial motion sensing solutions such as the Xsens system (Xsnes 
Technologies B.V, Netherlands) and the SpeedMax systems (Dynastream Innovations 
Inc, USA) are now available and can be used to track absolute limb motions with up 
to 6 degrees of freedom for biomechanics applications. The Xsens system sensor 
modules use a combination of accelerometers, gyroscopes and magnetometers to 
provide six degrees of freedom data in the global coordinate system. The sensitivity 
of this sensor solution to magnetic fields generated either from materials within a 
prosthesis or from on board control electronics may be a concern when considering 
this technology in a prosthesis. The Speed max system uses accelerometry to obtain 
2D trajectory information of the foot or shank in a similar way originally described by 
(Morris 1973). An example of the Speedmax sensor output is shown in figure 2-25.
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Figure 2-25: An example of the 2D motion data output offered from the Speedmax 
sensing platform (Dynamstream Innovations Inc, USA), image taken from 
www.Dynastream.com
Compared to the suitability of accelerometers to obtain angular motion data and cost 
of current commercial inertial sensing systems which can be upwards of several 
hundred pounds per sensor (www.Xsens.com), miniature gyroscopes are 
comparatively cheap and easy to use. They have also been found to offer more 
accurate angular measurements than those obtained by accelerometry (Wu 1995).
The use of gyroscopes for gait analysis, ambulatory monitoring and rehabilitation 
control purposes has received considerable attention in recent years. However 
gyroscopic gait analysis is still not a routine clinical gait analysis tool despite the low 
cost and potential for unrestricted analysis of locomotion. Most early studies sought to 
evaluate the use of gyroscopes for angular displacement measurements as a simple 
low-cost alternative to opto-electronic motion capture systems. (Tong and Granat 
1999; Mayagoitia, Nene et al. 2002). The main difficulty encountered relates to the 
signal integration process required to obtain angular displacements. Low frequency 
noise and offset fluctuations cause unbounded errors typically within the range of 1 
degree per second. In order to overcome this difficulty a resetting algorithm can be 
used to reset the calculation every stride, thus reducing the drift error to within a 
single gait cycle (Tong and Granat 1999). Generally speaking there have been few
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studies where the direct angular velocity output has been used to study walking 
movements (Wu 1995).
One area of gyroscopic gait analysis that has received considerable interest is the 
detection of gait events and calculation of temporal spatial parameters. Aminian et al. 
(2002) and Miyazaki (1997) both published papers which describe techniques how 
gyroscopes can be used to determine temporal spatial gait data. Miyazaki (1997) 
describes a method based on a thigh gyroscope signal where signal zero crossings 
events and other related measures are combined with a simple model of locomotion to 
calculate gait speed. The approach described by Aminian et al. (Aminian, Najafi et a/. 
2002) is based on a more complex model of locomotion which uses thigh and shank 
gyros to obtain walking speed and stride parameters. The signal processing technique 
was based on the detection of HS and TO events shown by local minimums in the 
shank gyroscope signal. There have since been a number of studies which have 
compared gyroscope gait event detection with other methods all indicating that 
gyroscopes offer a reasonable method for HS and TO gait event detection (Aminian, 
Najafi et al. 2002; Jasiewicz, Allum et al. 2006). Figure 2-26 shows the 
correspondence between HS and TO gait events detected using foot switches and 
local minima in the shank gyroscope signal. The potential of the gyroscope to provide 
motion data directly in a form that will allow a detailed breakdown of knee voluntary 
control and prosthetic control, ease of use and low cost are the main reason why it was 
selected for investigation in this project. Additional research experience of using the 
gyroscopes within the University of Surrey Biomedical Engineering group focusing 
on gait event detection for FES foot drop correction further suggested it to be a 
practical sensor for investigation (Catalfamo and Ewins 2003; Ghoussayni 2004).
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Figure 2-26: Correspondence of heel strike (HS) an toe-off (TO) gaits events and local 
minima within the shank gyroscope signal (Aminian, Najafi et al. 2002). ta -  Thigh angular 
velocity, Sr -  Shank angular velocity. FSRheei and FSRtoe are heel and toe force sensitive 
resistors (FSR) otherwise know as ‘foot switches’.
2.8 Review o f the influence o f experimental method on locomotion data 
In this final review section prior to setting out the experimental details it is worth 
considering the effect an experimental method may have on the measurement data and 
in particular when considered from the point of view of the analysis of the control of 
walking as is required in this project. In most of the reported studies reported to date 
adaptive swing phase controls have focused on the physiological cost of walking and 
have constrained walking speed selection in some way either by using a treadmill, 
metronome or by following an object travelling at a pre-specified speed (Taylor, Clark 
et al. 1996; Schmalz, Blumentritt et al. 1999; Buckley, Jones et al. 2002; Johansson, 
Sherrill et al. 2005; Takaaki, Katsuhiro et al. 2006). To study amputee locomotion 
from a control perspective the equivalency of using a treadmill to acquire data used in 
place of natural over ground amputee locomotion is questionable. Ideally to be 
representative of actual walking performance in daily life walking measurements 
should be unconstrained and as realistic as possible where possible. Treadmill use 
adds unfamiliarity to the walking environment and detracts from a freely controlled 
natural style of walking. In studies by Jaegers et al. (1993) and Taylor et al. (1996) 
difficulties maintaining balance on a treadmill are reported, meaning that some
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amputee could not walk without the use of hand rails. This inevitably provides 
addition and artificial proprioceptive clues to aid walking stability and control. Taylor 
et al. (1996) also found that self selected natural walking speeds over normal ground 
when attempted on a treadmill were not sustainable, resulting in having to adopt an 
altered set of comfortable treadmill speeds to explore IP fiinction. As the main aim of 
the work conducted in this thesis was with particular emphasis on examining the 
control of walking the use of a treadmill or other methods of acquiring data that might 
detract from freely selected walking speed was rejected.
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Chapter 3:Development of gyroscope sensing methods
3.1 Introduction
This chapter describes how gyroscope sensors were used to capture limb motion in 
this project. To begin an overview of the proposed sensing arrangement and the 
working principle of a vibrating mass angular rate gyroscope is outlined. The angular 
measurement requirement of a gyroscope intended for the study of lower limb 
segment motion while walking at various speeds is reviewed. This is followed by a 
description of the development of the data acquisition instrumentation and work 
carried out to verify the suitability of the gyroscope chosen for use in this study. The 
chapter concludes with an overview of the data collection methods and software 
developed for signal pre-processing and analysis of the measurement records. A pilot 
study evaluation of data collected under different test conditions is also presented.
Practical application of the use of miniature gyroscopes to study TF amputee 
locomotion is explored in this project. Particular focus is directed towards the study 
and inter-relationships between residual biomechanical and prosthetic control. A 
conceptual overview of the proposed sensing gyros based arrangement which can be 
used to study both voluntary and prosthetic control for ATFPS control is shown in 
figure 3-1. The diagram highlights the possibility of using voluntary control directly 
as a source of feedback in a hypothetical hierarchical control system. However prior 
to such a development the first step requires the means to quantify overall control of 
prosthetic gait thus allowing evaluation of changes to knee damping control. The first 
stage in the experimental work requires the selection of a suitable gyro and 
development and testing of an appropriate data capture system which can be used to 
study amputee gait, this work is set out as follows.
79
Chapter 3. Development of gyroscope sensing methods
Biological level
Voluntary 
Control level
Gyro
Coordination 
Control level
Knee
Actuator
Control
A rtificial level
Figure 3-1: The proposed gyroscopic sensing system for the analysis and ultimately the 
control of amputee locomotion.
3.2 Vibrating mass gyroscopes
Several types of angular rate gyroscope design are available based on different 
technologies some variants include spinning rotor, laser and vibrating mass 
gyroscopes. Spinning rotor and laser gyroscopes are highly accurate and are often 
used for inertial navigation systems however they are at present too expensive and 
bulky for human motion analysis. Vibrating mass gyroscopes derived from MEMS 
(micro-electromechanical systems) technology are physically very small, 
comparatively inexpensive and have low power requirements. However one notable 
drawback of MEMS gyroscopes is the sensitivity of the sensors measurement 
characteristics to changes in temperature which can effect the stability of the null 
output (sensor output at zero angular velocity) and sensor sensitivity. Despite these 
imperfections the wider advantages offered by MEMS sensors provides for a 
convenient, low cost and practical solution for the study of limb segment motions. 
The working principle of vibrating mass gyroscopes is based on a measured 
displacement of a proof mass caused by the Coriolis effect as the sensor is rotated.
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An illustration of the working principle is shown in figure 3-2. The device typically 
comprises of a proof mass that is made to vibrate using as piezoelectric driving 
actuator as shown by vector ract- When the sensor is rotated the proof mass is 
subjected to an apparent force (Coriolis force) that displaces the mass. The 
displacement of the proof mass relative to the sensor housing is typically measured 
electrically from a change in resistance or capacitance. The magnitude of the 
displacement is proportional to the angular rate change experienced by the sensor and 
therefore can be used as a measure of angular velocity.
Housing
Distance
measurement
K I> -
r^ ct
Mass
Actuator
Distance 
measurement
Angular velocity
Figure 3-2: (A) The working principle of a MEMs vibrating gyroscope. A mass element 
contained within the gyroscope is made to vibrate by an actuator indicated by Fact- (B) As the 
sensor is rotated the mass will move in a manner that is the combined effect of the initial 
vibration and an additional displacement caused by the Coriolis effect rcor • The measured 
displacement is proportional to angular velocity. Adapted from (Luinge 2002)
The Coriolis force is measured relative to the sensor coordinate system. In this respect 
the gyroscope is different to an accelerometer in so much as the sensor output while 
rotating is not directly influenced by eombined gravitational and linear acceleration 
components and thus the angular velocity measured at any point on a rotating segment 
will be the same. This was verified experimentally by Tong and Granat (1999) who 
showed that virtually identical angular velocity measurements can be obtained from 
different sensors mounted with the sensing axes parallel to each other on the same 
segment but at different locations.
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3.3 Gyroscope sensing requirements for the study o f locomotion 
There is limited segmental angular velocity data available in literature, which can be 
used as a guide for gyroscope specification and selection. The reasons for this are 
unclear although it may be partly attributed to the considerable emphasis of gait 
analysis study and reporting of joint function as apposed to the reporting of individual 
segmental kinematics. Table 3-1 summarizes the findings of several data sources 
consulted in order to determine the required dynamic sensing range for a gyroscope 
intended for the study of walking at various speeds. Despite inter-study 
methodological differences in data collection and processing the angular velocity 
ranges reported for each speed are shown within approximately similar bands, 
although generally those studies that used inertial sensors report higher values. The 
highest angular velocities exist at the foot reducing for the shank while generally the 
thigh has the lowest peak angular velocity. No lower limb segment angular velocity 
data from studies of TF amputee gait conducted at various walking speeds could be 
found in literature. In order to estimated requirements one possibility would have been 
to collect data from an amputee using an alternative measurement system such as for 
example a video/marker system. However such data would invariably require filtering 
to reduce the noise introduced by the differentiation calculation of displacement data. 
This has the potential to attenuate peak angular velocities and therefore the actual 
peak velocities may be higher than indicated by such a study. The ‘peak attenuating’ 
effect of different levels of filtering is suggested by Wu (1995) as a possible 
contributing factor which accounts for the range data differences reported between 
studies which have used inertial sensors compared with those which are drawn 
originally from displacement data.
An assumption was made that transfemoral amputee segment angular velocities would 
be approximately similar in magnitude to those obtained from an unimpaired subject 
since the goal is to reproduce gait of normal appearance. However one concern was 
that an ‘aggressive’ swing phase control setup may produce higher than normal 
angular velocities. While a slightly longer swing phase is often typical of TF amputee 
gait compared to normal this does not necessarily mean that segment rotations during 
swing are slower. Amputees with a long stump and particularly knee disarticulation 
amputees often exhibit a visually aggressive swing phase action. From the data
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sources consulted the minimum dynamic sensing range specification considered 
suitable for the study of shank and thigh motion fi-om slow to fast speeds was 
estimated to be in the range of ±600 °/s. This estimated specification includes a 
margin of error compared to the fastest shank velocity of 475°/s found in literature. 
This margin of error was considered necessary in view of the fact that no TF amputee 
data was available to guide gyroscope specification and that data examined in this 
project may include aggressive swing motions due to poor knee control conditions
Table 3-1: Various segmental angular velocity data sources consulted for an estimation of 
gyroscope dynamic sensing range for the study of amputee locomotion from slow to fast 
speeds. The highest angular velocities are shown at the foot reducing at the shank and again at 
the thigh.
Investigator
method
Speed
Maximum mean (S.D.) Angular 
Velocity (in deg/sec)
Winter D.A 
(1974) 
Video/marker
Slow
Normal
Fast
Thigh Shank Foot
136 (26) 237 (45) 356 (62)
164 (42) 337 (21) 446 (42)
195(36) 405 (91) 520 (97)
Wu G. (1996)
Gyroscope/Accelerometer
Normal 206 (5) 401 (17) 647 (11)
Rao S.S (1998) 
Video/marker 
Normal 
Transtibial amputee
Normal 195
165
355
334
458
372
Mayagoitia R.E 
(2002) 
Gyroscope/Accelerometer
Very
Slow
240
Slow - 298 -
Normal - 349 -
Fast - 401 -
Very
Fast
475
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A comprehensive list of gyroscopes sensors manufactured at the time of this project 
work is reproduced in table 3-2. Although several on the list have a specified sensing 
range approximating the required specification, none of these were readily available 
in small volumes.
Table 3-2: List of commercially available MEMs gyroscope sensors.
Company
Part 
number or 
name
Mass
(g)
Dimensions
(mm)
Range
(deg/s)
Scale factor (mV/deg/s)
unless otherwise stated)
Price
2005
Murata^ ENC-03M 0.4 12.2 X  7.0 X 
2.6
±300 0.67 £18
ENC-03J 1.0
(max)
15.5 x4.3 X 
8.0
±300 0.67 £32
E N G -05 E 2.7 21.5 X  8.5 X 
7.1
±90 1.1 na
Watson Ind.^ A R S-CX X
- lA
50 76.2 X  28.7 X
52.3
±700 3 -3 0  deg/s/V na
VSG-
EXXX
138 75.2 X  42.5 X 
39.6
±200 10 -4 0  deg/s/V na
Analog
Devices^
ADXRS 150 0.5 7 x 7 x 3 ±150 12.5
£32ADXRS 300 0.5 7 x 7 x 3 ±300 5
ADXRS 401 0.5 7 x 7 x 3 ±75 15
Micro Sensors'* MicroRing
Gyro
±60 25 na
Silicon Sensor^ CRS03 18
(max)
29 X 29 X 
18.4
±200
(max)
10 -20 na
CRS03-11 10 27 X 27 X 
10.6
±573 3.5 na
CRS05 11 19x45 X 
11.3
± 50 to 
±200
10-40 £57
SiRRSOl 35 31.6 X  31.6 X 
17.3
± 110 18.2 na
CRS07 10
(max)
21 X  22 X 
11.5
±573 3.5 £66
ATA^ ARS-01 50
(max)
0  22.OX
28.0 high
± 11500 0.87 na
ARS -  06 35
(max)
0  18.0 X 
27.5 high
± 11500 0.87-0.11 £122
0
ARS-09 50
(max)
0  30.5 X
21.3 high
±100 100 na
* Murata Manufacturing Co., Ltd. www.murata.com 
 ^Watson Industries, http://www.watson-gyro.com
 ^Analog Devices: http://www.analog.com 
'* MicroSensors Inc., http://www.microsensors.com 
 ^ SiliconSensor, http://www.siliconscnsing.com
* Applied Technology Associates (ATA Corporation), http://www.aptec.com
84
Chapter 3. Development o f gyroscope sensing methods
ARS-12 300
(max)
38.0 X  38.0 X  
40.6
±57 0.17-1.7-17 na
Sense Nor AS^ SARIO 11.1 X  7.9 X 
4.3
±250 na
JAE" JG-108FA 80 X  80 X  45 ±100 0.05 na
J G -
108FD1
82 X  82 X  71 ±180 0.01 na
0-Navi LLC^ GyroPack 1.75 20 X  20 X  6 ±200
and±
400
12.5
£86
Nec Tokin*" CGL43 8  X  15.5 X  5 ±90 0.66 na
CG L53 6 X  10 X  2.5 ±1500 0.66 na
BEI
Technologies**
QRSlOO 60
(max)
0  41.3,16.4 
high
±1000
(max) £570
QRS 14 50
(max)
68.6 X  25.6 X
25.6
± 1000 
(max) £120
Horizon
Series
60
(max)
58.0 X  25.9 X 
25.4
±200
(max)
LCG 50 12 29.4 X  29.4 X 
10.7
±250
(max)
16 -  6.4 na
3.4 The Murata ENC-03J Gyroscope
For potential application within a transfemoral prosthesis sensor, power consumption 
and physical size and weight and mounting constraints are important design 
considerations dictating the suitability of sensors. The Gyrostar® ENC-03 JA (Murata 
Ltd, Japan) gyroscope was chosen for use in this project. This gyroscope compares 
favourably with others on the market in terms of cost, size, weight, sensitivity and 
availability. A summary of key specifications of the ENC-03 J are outlined in table 3- 
3 (see also appendix C). The specified measurement range of the ENC-03 J is ±300 °/s, 
which is 50% less than the estimated requirement of ± 600 °/s. However earlier work 
carried out at the University of Surrey by Henty (2003) suggested that some 
gyroscopes perform satisfactorily well in excess of their data sheet ‘specified’ range. 
Henty (2003) tested the performance of the ENC-05E gyro (the generation preceding 
the ENC-03 J) and found the output to be linear up to ±600 degrees/s despite a 
specified range of only ±300 degrees/s. However, the ENC-03 J cannot be considered
’ Infineon Technologies SensoNor SA, http://sni.ncxtframc.net
* Japan Aviation Electronics Industry, Ltd., http://www.iac.co.in/e-ton 
 ^ONavi LLC, http://www.o-navi.com 
Nee Tokin Corporation
BEI Technologies Inc., http://www.svstron.com
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a direct replacement for the ENC-05EA which has a specified sensitivity of l.lmV/°/s 
and a static null output of +2.3Vdc.
Table 3-3: Specifications o f the ENC-03 J Gyroscope
Part Number ENC-03J
Supply voltage (Vdc) +2.7 to +5.5
Current consumption (mA) 5
Max. Angular velocity (°/s) ±300
Scale factor (mV/°/s) 0.67
Output (at angular velocity = 0°/s) (Vdc) +1.35
Linearity (%FS) ±5
Response (Hz max) 50
Size (mm) 15.5 X 8.0 x4.3
Weight (g) 1.0
Comparing these specifications to the values shown in Table 3-2 suggests significant 
device design changes between the two gyroscope generations. To the authors 
knowledge despite its use in various ambulatory monitoring studies by other 
researchers (Coley, Najafi et a l 2004; Pappas, Keller et al. 2004) there have been no 
reports verifying the ENC-03J sensor performance in excess of the specified ±300°/s 
range. As the primary objective of this project involved segmental angular 
measurements firom slow to fast walking speeds where angular velocities in excess of 
±3007s were probable it was considered necessary to evaluate the ENC-03J sensor 
output over an extended dynamic range of approximately ±600°/s. This work is 
outlined in detail in the later section 3.8 after the data acquisition system has been 
described as follows.
3.5 Data acquisition system
Aside fi’om the sensor range specification, from a practical stand point it was felt that 
the complete sensing and instrumentation hardware developed for this project should:
• Be physically small, lightweight and battery powered such that all data- 
acquisition hardware and sensors could be worn around the waist. Be easily 
donned and doffed
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• Not hinder, restrict, impede nor influence walking
• Offer sample rates of at least 200hz
• Offer a minimum of 10 bit A/D resolution
• Allow continual measurement durations of at least up to 45 minutes. The
approximate time estimated to allow uninterrupted recording of up to 20 runs 
comprising of at least 25 sequential steps each, changes to knee control 
settings and resting periods.
The need for the measurement system to be small, portable and not hinder walking 
was considered important so that the weight and bulk of the measurement equipment 
or the drag of a tethered signal cable would not be felt by the amputee and unduly 
influence the measurement data. A minimum of 10-bit A/D resolution was considered 
necessary because subtle differences in the data may not be observed at lower A/D
resolutions. The quantity of steps per run required was estimated on the basis that
approximately 5 start-of-run and 5 end-of-run steps would be discounted from data 
analysis so that the results would not be influenced by walking acceleration or 
deceleration. A wireless data acquisition system was considered however a gyroscope 
data acquisition system built by Morris (2004) indicated the potential for wireless data 
acquisition systems to be unreliable with data packets being ‘missed’ requiring the 
data to be spline filled during post processing. Although a wireless data acquisition 
system would have been desirable the added complexity of such a system was not 
justified providing a portable data acquisition system could be used. The portable 
GigaLog V410 datalogger (Audon Electronics Ltd, England, www.Audon.co.uk) was 
chosen as the primary means of data acquisition offering the following features (refer 
to appendix C for a complete specification).
• Compact flash card data storage up to 2Gbyte
• 8 Analogue input channels
• Sample rates up to lOOOHz
• 10 bit A/D resolution
• Power supply 7-15V @ typ 50mA
• Remote run start/stop option
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The GigaLog V410 is primarily intended for industrial applications where chassis 
mounting would be available on a DIN rail. Some minor modifications were required 
to convert the device into a wearable data acquisition system. This included the 
attachment of an adjustable waist belt, a flying lead in order to interface with the gyro 
signal conditioning, an integral 9V rechargeable battery power supply and a power 
on/off switch. The modified datalogger is shown in figure 3-3.
CF Card
On/Off
Gyro Signal 
Interface LCD display Run Start-Stop
Figure 3-3: The modified GigaLog V410 datalogger used in this study.
The LCD provides indication of the dataloggers status during operation this includes 
recorded data size, time stamp, raw binary channel values and configuration data 
during setup. The data was down loaded directly from the CF card using a card reader 
following each test session.
The frequency content of gait is an important consideration determining the selection 
of sampling rates and signal filtering cut off frequencies. Studies of the frequency 
content of kinematic gait data suggest the majority of signal frequency components 
exist below 15Hz (Winter, Sidwall et al. 1974; Angeloni, O.Riley e/ al. 1994; 
Ghoussayni 2004). With regard to previous gyroscope studies, Tong and Granat 
(1999) used a low pass filter with frequency cut off of 4 Hz while Mayagoitia et al. 
(2002) used a cut off frequency of 3 Hz and Nene et al. (1999) used 5Hz. Unless
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otherwise stated all measurements taken in this project were recorded at 200Hz and 
the data was filtered with a cut-off frequency of 25 Hz (2"  ^order forwards-backwards 
Butterworth) which when considering previous gyroscope studies of locomotion is 
less likely to miss higher frequency signal characteristics which may exist in amputee 
walking. Overall the sample rate and filter cut-off selected were considered sufficient 
to both capture and preserve the dynamics of fast walking and keep the volume of 
recorded data over the trial test period to a manageable size.
3.6 Gyroscope signal conditioning
The ENC-03J has a specified sensitivity of 0.67mV/°/s producing approximately a
0.8 V swing over a ± 600°/s range. In order to increase the voltage swing output of the 
gyroscope to a more manageable 0-5V, range the gyroscope signal was amplified 
using an AD623 instrumentation amplifier. The amplification circuit used is shown in 
figure 3-4.
5V
ENC-03J
4.7pF
OutVcc
lOOkM R(gain) AD623
Vout
REF( input)
GND Vref
4.7m 2 . 5 v
High-pass filter
ov
Figure 3-4: Gyro amplification circuit
A high pass RC filter with a cut-off frequency of 0.3Hz was used to alleviate the 
effects of very low frequency voltage drift due to changing environmental conditions 
as per manufacturer recommendations. The gyroscope voltage reference (Vref) was 
tied to ground via a 4.7pF capacitor also as recommended in the manufacturer data 
sheet (see also appendix C). The AD623 amplifies the voltage difference seen at the 
input pins, in this case between the gyroscopes reference terminal Vref (2) and Output 
(4). The gyro voltage reference terminal (Vref) represents the zero angular velocity 
output (nominally + 1.35V) that does not change when the sensor is rotated. All
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experiments conducted during this project were carried out with the gyroscope 
sensitivity amplified to 2.9 mV/°/s. In order to bias the zero angular velocity output to 
50% of a 0-5V swing the +2.5V output from a precision voltage reference (TLE2425) 
was applied to the AD623 reference input terminal. Amplification for the three 
gyroscopes was contained within a plastic enclosure (of dimensions 170 x 85 x 
25mm) fitted with a belt clip. The electronic amplification circuitry was powered firom 
a rechargeable 9V Ni- MH battery (PP3) through a +5Vdc voltage regulator 
(LM7805). This provided sufficient power for several hours of continuous use. The 
three gyroscopes were provided on flying leads wired to terminal blocks on the 
amplification board so that they could be easily changed in event of sensor failure. 
Each gyroscope was securely housed within an enclosure of dimensions (27 x 17 x 4.5 
mm).
3.7 Sensor mounting and IP+ control hardware
Photographs of an amputee wearing the complete instrumentation are shown in figure 
3-5 and 3-6. The IP+ swing phase control was used in all walking experiments in this 
project, although in some cases the electronic control was disabled or the flexion 
damping valve was set to a known fixed position using remote control. For all data 
collection sessions 2 gyros were mounted directly on the anterior aspect of the 
prosthetic shin and socket using adhesive tape as shown in figure 3-5. During some 
preliminary investigations a third gyro was mounted on the anterior aspect of the 
shank of the sound limb, held in place using an elasticised bandage shown in figure 3- 
6. The sound side gyroscope was considered potentially useful as TO and HS gait 
events in unimpaired locomotion can be easily identified by local minima within the 
signal data, thus shank gyroscopes on both sound and prosthetic limbs were thought to 
be useful to determine stance, swing, single and double support phase timing data. 
The sensors were aligned to sense rotations predominantly in the sagittal plane during 
walking. As walking segment motions exist in all three planes the effects of 
movements in the transverse and frontal planes cannot be completely discounted 
although these errors compared to sagittal plane movements were considered to be 
negligible. Inter-segmental mounting errors were also expected to be negligible 
(providing the sensing axes are aligned in parallel to each other) because the 
prosthetic knee will not normally allow relative movement in the coronal and
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transverse planes. During the mounting process a long ruler was used to ensure that 
the sensors were aligned satisfactorily. The standard IP+ programming unit does not 
provide a visual indication of the current valve setting (see figure 2.7). Indication of 
valve position was considered essential so that recorded data could be reliably 
matched to the knee flexion damping valve setting. A custom modified IP+ 
electronics control board was used developed by Blatchford specifically to 
communicate with an Adaptive Prosthesis handheld programmer (see figure 2-17). 
The software of the Adaptive Prosthesis hand held programmer (with LCD display) 
was modified by Blatchford to provide a visual indication of valve position. Figure 
3-5 also shows the bespoke plug in transceiver that was used to remotely adjust and 
monitor the pneumatic valve setting on the control actuator.
Plug-in RF 
Transceiver
Figure 3-5: Photograph showing prosthetic limb gyroscope mounting. The plug-in RF 
transceiver was used to monitor and control the IP+ valve position using a modified hand held 
programmer developed by Chas A. Blatchford & Sons Ltd.
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Gyro 
Amplifiers logger
Figure 3-6: Photograph of an amputee wearing the complete instrumentation during 
preliminary trials.
3.8 Evaluation o f gyroscope output
The lObit A/D resolution of the Gigalogger over a 0-5V swing was not sufficiently 
precise to accurately calibrate the gyro scale factor and estimate offset errors. The 
datalogger was only capable of resolving down to approximately 4.8mV. Moreover 
the practicality of such a precise approach to gyroscope calibration is questionable in 
light of the fact that the gyroscope scale factor and null offset are sensitive to the 
sensors operating temperature a trait common to MEMs gyroscopes. According to the 
Murata data sheet fluctuations in sensing sensitivity due to temperature changes are in 
the order ±20% of the scale factor (see also appendix C). Therefore for these reasons 
accurate gyroscope calibration and characterisation prior to each data collection 
session was not considered worthwhile. However as the gyroscope was likely to be 
used to measure angular velocities well in excess of the maximum data sheet range
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specified an evaluation of the gyroscope output linearity over the estimated 
requirement of ±600% was considered important.
In order to evaluate the gyroscope output a means of rotating the sensor at either a 
predetermined fixed angular velocity or on an apparatus that provides a measurable 
angular velocity reference is required. One approach which has been described in 
literature is to physically mount the gyroscope on a motorised turntable and take 
readings at various angular velocities (Henty 2003; Morris 2004). The disadvantage of 
this method is that unless the gyroscope and data acquisition systems are both 
physically mounted on the turntable within in a very short time the gyroscopes leads 
quickly become ‘wound up’ and entangled. Even if all the instrumentation could be 
securely mounted on a turntable unless the mass distribution of the mounted hardware 
is balanced, at high speeds the resulting vibrations could be dangerous. The cabling 
difficulty was overcome by Morris (2004) who used a wireless data transmission 
system, however the linearity and sensitivity of the ENC-03J gyroscopes were only 
examined and over a ± 200% range. This was despite using the sensor mounted on 
the foot where measured angular velocities can be in excess of 400% for normal 
walking have been previously reported (see table 3-1). An alternative to the turntable 
approach was devised which comprised of a prosthetic knee chassis that was 
instrumented about the knee joint axis with a precision potentiometer (Bournes 
6639S-001-103). The knee chassis (Endolite Hi-Activity) was modified with a 
mounting plate so that 3 gyroscopes could be securely fastened to the knee with the 
sensing axis orientated parallel to the knee hinge axis. The output of the potentiometer 
was buffered using a low offset precision opamp (gain = 1, voltage follower) prior to 
connection to the data logger. The rig was securely clamped to a bench using a G- 
clamp. An overview of the testing apparatus is shown in figure 3-7.
The angle varying voltage provided by the potentiometer was scaled into degrees by 
recording the voltage at a series of angles that were measured using a square 
protractor combination. A least squares regression was applied to confirm linearity 
(R  ^ = 0.9998) and to obtain sensitivity and offset parameters to allow voltage to 
degrees signal conversion as shown in figure 3.8.
93
Chapter 3. Development o f gyroscope sensing methods
Knee Chassis
Gyro 
Amplifiers
Datalogger
Buffer
P otentiom eter
Square/Protractor
Figure 3-7: Overview of gyro output evaluation apparatus
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Figure 3-8: Gyro evaluation rig calibration data
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The rig joint angle was calculated following rig calibration according to the equation.
Equation 3.1
Angle = 0.01503 x (measured voltage) + 0.3532
Data from 3 gyroscopes and the potentiometer was acquired as the knee was rotated 
manually by hand at various speeds. The data was downloaded and processed off-line 
using Matlab® (The Mathworks Inc, USA) A second-order forwards-backwards 
Butterworth filter with a cut-off frequency of 25Hz was applied to the raw data. The 
potentiometer voltage signal was converted into degrees and then numerically 
differentiated to obtain joint angular velocity. The following central finite difference 
equation was used to calculate angular velocity coi.
Equation 3.2
to. ± L
2A/
The signals from the gyroscopes were scaled into °/s according to a 2.9mV/°/s scale 
factor. A typical extract from the processed data set comprising both rig and gyro 
angular velocity data is shown in figure 3.9. The three gyroscope signals were 
virtually indistinguishable from each other. The calculated rig joint angular velocity 
signal followed the gyroscope signals very closely over the majority over the ± 6007s 
range, only sight differences were observed at near peak angular velocities.
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Figure 3-9: A typical extract from the processed data set. The 3 gyroscope signals closely 
match the evaluation rig joint angular velocity signal over a measurement range of 
approximately ± 6007s.
In order to quantify the linearity of the gyroscope output a least squares regression 
analysis was carried out to compare the calculated rig angular velocity with the 
gyroscope output (using the data shown in figure 3-9). The results are shown in figure 
3-10. The resulting correlation coefficient close to 1 (R==0.9994) is indicative of a 
highly linear relationship between the rig and gyro angular velocities over the tested 
velocity range. An unexplained and repeatable feature of the test data resulted in 
higher residuals seen in the negative angular velocity range as shown in figure 3-1 OB, 
the reasons for this is unclear. One possible explanation may be due to the specific 
design of the device. The magnitude of these residual errors were not considered to be 
large enough to detrimentally effect the results in later volunteer testing (the 
maximum residual angular velocity measured (-407s) accounting for around 6%FS 
(i.e. of 600deg/s FS range). The RMSE was 15.27s. From these results the ENC-03JA 
output was considered sufficiently linear over the estimated requirement range of ± 
600 7s and adequate for the requirements of this project.
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Figure 3-10: The gyroscope output versus rig apparatus regression analysis (A) and residuals 
plot (B). The results verity that the gyroscope output is linear over a dynamic sensing range of 
approximately ± 600 °/s.
In the course of the experiment the sensitivity of the gyroscope output to shock 
disturbances was observed. This was revealed accidentally as the rig stopped abruptly 
on contact with the end stop. A decaying drift was evident in the signal output 
following shock stimuli as shown in figure 3-11. As the gyro is essentially a second 
order mass spring system this characteristic behaviour is not surprising. Generally the 
magnitude of the drift was found to reduce and increase with likewise changes in 
shock severity. Examinations of the gyroscopes outputs terminals revealed that this 
was due to fluctuations at the Vref pin. Henty (2003) reported similar findings with the 
ENC-05EA gyroscope. Based on the waveform data published in existing studies such 
abrupt changes in angular acceleration were not anticipated during amputee walking, 
although could not be completely discounted. One possible area of concern relates to 
swing terminal impact where an abrupt stop at full knee extension is possible,
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particularly when the swing phase is poorly controlled, as thought possible in this 
project.
200
—  angle
—  gyro
150
«r 100-
S h o e k  D rift
-50
■100,
500 1000 1500
S a m p le s
Figure 3-11; Gyroscope response to shock stimuli, drift in the output in the signal can be 
observed following a shock disturbance.
3.9 Analysis software development
The Gigalogger V410 data logger is supplied with very rudimentary software for 
displaying the recorded data having little post processing and analysis capability. For 
example portions of the data recording could not be viewed or extracted. This was 
considered an important requirement in order to check the signal outputs over long 
data collection runs and for further data processing. Moreover data files with a length 
in excess of 65536 samples cannot be opened using standard spreadsheet software 
such as Mircosoft Excel. At a sample rate of 200 Hz this equates to a maximum data 
recording of 5.46 minutes. Although not essential, in practical terms longer recording 
durations were preferable to ensure the trail experimention could be completed 
without interruption. A Matlab® (The Mathworks Inc, USA) graphical user interface 
(GUI) program with the following features was developed to display the captured 
signals and to provide a development base for post processing algorithms.
• Individual displays of the entire recording and a user selected portions.
• Indication of the extracted data on the original recording
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• Selection scroll sliders to select portions of data
• Scrolling and zoom features
• Save user selected data portions
• Plotting of selected data
• Automatic extraction of gait cycles.
•
A screen shot of the developed software is shown in figure 3-12. The top graph 
displayed is a recording of 104004 samples captured at 200Hz of an amputee walking 
at various self-selected speeds up and down a corridor. The bottom graph shows a 
selected extract from the whole recording the start and end of the selected portion is 
indicated by the two red lines. The key software routine of this is software can be 
found in the appendix A.
L o a d  D a t a  F i le  ;
|AI Channels
S c r o l lA / ie w
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C o m p l e t e  D a t a
Selected data portion
Data Size 104004
PW Size I 16017
Cap(ue Steps
Figure 3-12: Data analysis Matlab® GUI developed for data visualisation and pre-processing 
In all walking experiments the following data pre-processing steps were carried out:
• A second-order forwards-backward low-pass Butterworth filter with a cut-off 
frequency of 25Hz was applied to the gyroscope signals. As discussed earlier
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this was considered adequate to preserve the dominant kinematic frequency 
components known to exist in walking.
• The relative knee joint angular velocity was calculated by subtracting the 
shank gyros signal from socket mounted thigh gyro signal.
• An option was also provided to calculate angular accelerations from angular 
velocity data using the central differences method.
The full pre-processed data set included:
• copshank = Prosthetic shank angular velocity
• opthigh = Socket/thigh angular velocity
• G>sshank= Souud sidc shauk angular velocity
• ®knee = Kucc Joiut augular velocity
• otpshank = Prosthctic shauk angular acceleration
• otpthigh = Socket/thigh angular acceleration
• otsshank= Sound side shank angular acceleration
• otknee = Knee Joint angular acceleration
An example data set taken from the pilot study described later the following
section 3.9 is shown in figure 3-13.
On the whole the signals appeared very repetitive for most walking conditions. On the 
prosthetic side the local minimum transient expected to correspond to heel strike was 
found to be much less distinctive than originally expected when compared to the 
sound side. This can be seen by comparing the third from top signal trace (copshank, 
prosthetic shank gyro) that is the prosthetic shank gyro signal and the sound side limb 
shank gyroscope signal (cosshank) shown second from bottom. The anticipated location 
of heel strike is highlighted by the blue circles (see also figure 2-26 for further 
reference of these signal features in normal data).
Comparison between sound and amputated shank angular accelerations also showed 
that peak angular accelerations on prosthetic side to be much less than shown by the 
sound side around the expected time of heel strike. At very slow walking speeds with 
a particularly ‘soft’ prosthetic foot such as the Endolite Multiflex expected HS 
minimums were found to become even less distinctive. Furthermore with a
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particularly poor knee control setting to simulate an aggressive terminal impact action 
and low flexion resistance additional local minimums close to the expected time of 
heel strike were observed. The lack of direct surface adhesion between the sound side 
gyroscope and the sound limb was also found to be problematic during pilot tests 
occasionally causing the gyroscope to dislodge changing alignment. The test amputee 
also commented that the gyroscope mounted on the sound limb to be slightly 
distracting. Despite attempts to improve the sensor mounting the idea of using a sound 
side shank gyroscope was eventually abandoned due to the potential for distraction 
and the uncertainty of reliable heel strike detection on the prosthetic side.
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Figure 3-13: A  typical extract o f  the processed data, the calculated corresponding angular 
acceleration signals are shown below each angular velocity signal. The blue circles mark the 
position o f  HS on the prosthetic shank and sound limb shank angular velocity data.
3.9.1 Gait cycle definition and extraction
In order to analyse gait cycles individually a method was sought to extract gait cycles 
from the measurement of consecutive strides. The first method tried was a user
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operated extraction approach whereby two manually movable cursor lines were 
manipulated on the Matlab GUI to define the start and end point of a gait cycle. This 
method was found to be unreliable because of variations in both screen resolution and 
the effects of the signal zoom function. Even when considerable care was taken to aim 
the cursors at the desired points variations of between 2 and 3 time samples were not 
uncommon. Aside from being somewhat unreliable the method was also very 
laborious. A more reliable and efficient automatic method was sought for extracting 
gait cycles.
The first problem was how to define a gait cycle based on the signal features. The 
obvious conventional approach was to consider gait cycle extraction between heel 
strike gait events. However the local minimum associated with heel strike was clearly 
not the most distinctive feature of the prosthetic shank gyroscope signal compared to 
other kinematic events such as changes in rotational direction. The use of other 
sensors such a foot switches and accelerometers were considered to detect heel strike 
but rejected on the grounds that a potentially simpler approach may be used to define 
a gait cycle. In theory any two distinct and repeatable gait events can be used to define 
and extract gait cycles. It was not considered essential or necessary to follow the 
conventional heel strike to heel strike reporting approach if a more distinct signal 
feature and easily detectable method could be found. TO to TO was also considered 
but the preceding stance phase knee flexion was thought to be important for the 
analysis of swing phase that would be separated between gait cycles if TO was used.
The change in thigh rotational direction prior to TO was considered a good 
compromise to define a gait cycle between ease of detection and the information 
available to study swing phase. This kinematic event is defined as the thigh 
progression (TP) point and was also thought to be a natural voluntary control indicator 
fi’om which to detect the start of walking in amputees. Figure 3-14 shows the 
kinematic TP events used to define gait cycles. The reader is referred to the later 
chapter 5 figures 5-2 and 5-3 for a more detailed description of the gyroscope signal 
features.
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Gait cycle definition
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Figure 3-14: Gait cycle definition, defined from the instant the thigh gyro signal begins 
rotating in the direction of progression (TP, shown by yellow circles). Conventional toe-off 
(TO) and expected heel strike (HS) locations are also shown. The light blue circle highlights a 
local minimum occasionally seen during some tests occurring around the time of terminal 
impact and close to heel strike.
A semi automatic gait cycle extraction algorithm was developed based on the TP 
point direction change (zero crossing) shown by figure 3-14, As can also be seen in 
the figure the thigh gyro signal change in direction occasionally occurs towards the 
end of swing phase. In order to avoid erroneous detection of this event a timing loop 
was used to ensure that sufficient time samples had elapsed between the start 
detection and end of the gait cycle. A flow chart of the developed procedure is shown 
by figure 3-15. The algorithm works in two sequential loops; first the loop detects all 
the TP points as just described creating an additional indicator signal which is plotted 
to evaluate the extraction performance, see figure 3-16 for an example of the plot 
produced. Upon detection of TP the indicator signal is given an arbitrary value all 
other signal samples were set to zero. The Matlab ‘find’ command was used to find 
the array locations of all non-zero elements in the indicator signal array thereby 
defining the start and end points of consecutive gait cycles. A second software loop
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was used to plot the gait cycle data extracts in un-normalised and time normalised 
forms. A dialogue box was used to name the extracted gait cycles.
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Time > 1 5 0
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Figure 3-15: Flow Chart of the developed gait cycle detection and extraction algorithm. 
Manual user intervention in the extraction process is shown shaded.
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Gait C ycle Extraction Evaluation
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Figure 3-16: The visual gait event detection output provided by the gait cycle extraction 
algorithm which was used to evaluate and check gait cycle detection prior to saving extracted 
gait cycles. The graphs shows thigh gyroscope data and the corresponding detection output 
from the algorithm.
3.10 Pilot data acquisition, Outline
In order to test the instrumentation and various options for data collection protocols a 
pilot study was conducted to gain some early insight into the measurement data 
obtained from the gyroscope motion capture system. Of particular interest were 
differences between optimal and non-optimal data, as well as exploring other factors 
such as how the data collection method might influence the measurement data.
The following walking, knee setup and experimental conditions were examined.
1. Preliminary evaluation of inter-run and within run data variability
2. Walking at a range of ‘comfortable’ self-selected speeds to suit the knee 
control.
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3. Walking while instructed to maintain a particular speed, with various knee 
flexion damping setting.
4. Walking at different instructed speeds while the knee flexion damping 
remained fixed.
5. Accelerating fi-om slow to fast walking.
6. Walking with various knee extension damping settings at various speeds.
The pilot testing was carried out at Chas.A.Blatchford research headquarters in 
Basingstoke, the amputee volunteer was an experienced limb tester forming part of 
the R&D team and a daily user of the 1P+ with the ESK+ stance control. All the trial 
data was recorded walking in a straight corridor approximately 35 meters in length.
Table 3-4: Pilot study subject details
Pilot Study Subject Details
Subject code Sex Age Weight (kg) Height (m) Amputated side Socket and suspension
TFA M 65 65 1.71 Right 1C with socket lock
IC (Ischial Containment)
3.10.1 Optimal walking data: Overview o f inter-run and within run data 
repeatability
The order to evaluate the general repeatability of the trial data repeated runs were 
carried out at self-selected slow, normal and fast speeds. Figure 3-17 shows a typical 
example of recorded data following five runs by TFA, each run comprising of 2 
traverses of the corridor, while instructed to walk at self-selected comfortable normal 
walking speed. Figure 3-18 shows an example of trial data recorded when instructed 
to walk at self-selected slow, normal and fast speeds, three traverses at each speed are 
shown. An example of time normalised consecutive stride data over 15 gait cycles at a 
self-selected normal speed by TFA is shown in figure 3-19. These 3 examples of trial 
data shown in figures 3-17, 3-18 and 3-19 were obtained with a correctly programmed 
1P+ (i.e. the preferred valve setting was used for each speed). Overall firom visual 
inspection of the data using the software described in section 3.8 the amplitude of the 
waveform data and duration of each trial were shown to appear fairly consistent 
between and within runs and within each self-selected speed category (i.e. as shown in
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figure 3-17). The similarity of the waveform data also suggested that the amputee was 
able to consistently reproduce similar walking patterns between runs at different self­
selected speed categories (i.e. as shown in figure 3-18). The visually appearance of 
the data also suggested changes in waveform repeatability between walking speed 
categories. However these visual changes appeared to be of small magnitude and were 
difficult to judge visually as the shape of the waveform data also changed for different 
speeds. This highlighted the need for further statistical study to quantify waveform 
repeatability.
When comparing signal waveform shapes at different instructed walking speeds elear 
differences in the waveform patterns were shown. The most noticeable differences 
were in the signal amplitude, increasing with walking speed and timing of the 
waveforms shifting between speeds. An illustrative time normalised example dataset 
is given in figure 3-20 which shows ensemble average waveforms for 15 consecutive 
gait cycles at self-selected slow-normal and fast walking speeds by subject TFA.
5  R uns (10 traverses) at self se lected  normal sp e ed
<  -100
X 1 0S am ples
Figure 3-17: An example gyro data recording from TFA showing 10 traverses of the corridor, 
in 5 groups of 2 runs each, at a self-selected normal speed.
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Figure 3-18: An example data recording from TFA showing consecutive traverses of the 
corridor, at self-selected slow, normal and fast speed (three consecutive runs at each speed).
15 Consecutive Gait Cycles (self selected normal speed. IP* satisfactory program)
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Figure 3-19: An example of the within run data repeatability observed from TFA. The graph 
shows 15 consecutive time normalised gait cycles at a self-selected normal speed. 0% gait 
cycle refers to the Thigh Progression (TP) gait event.
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3.10.2 The influence o f knee damping on optimal walking data 
An important aspect of amputee walking performance investigated was to explore 
how the trial data could be influenced by the knee control. This avenue of 
investigation was considered on the basis of clinical experiences of the prosthetic 
setup processes which indicates that amputees appear to have a tendency to walk at a 
speed that suits the knee control performance. In other words amputee locomotion 
self-optimizes to suit the current function of the knee control. Although various 
studies have indicated the presence of self-optimizing characteristics of amputee gait 
which dictates the selection of an optimum cadence (Ralston 1958). To the authors 
knowledge evidence of the existence of this phenomenon from the point of view of 
swing phase setup is largely anecdotal has not yet been demonstrated from actual 
walking measurement data. Understanding and awareness of this control characteristic 
was thought to be important when considering the process of setting up the knee 
prostheses, development of experimental methods and is also relevant to trial data 
interpretation. Two brief experiments were carries out, in one test the amputee was 
asked to walk a length of 35m at a self-selected comfortable speed, for 7 different 
randomized valve settings (unknown to the amputee). The results are shown in figure 
3-21 the gyroscope data has been re-sequenced in order of increasing flexion valve 
setting (increasing resistance), the randomized valve sequence is also marked on the 
plot. The results show marked increases in the amplitude of the gyro data and shorter 
run durations associated with faster walking which appears to match increases in 
flexion valve settings. In the second test the amputee was instructed to walk a length 
of 35m and maintain a particular walking speed for each run while the valve setting 
was randomized between runs (again unknown to the amputee). The results for 
walking at self-selected, slow, normal and fast speeds are shown in figure 3-22. The 
gyro data has again been re-sequenced in order of increasing valve setting. In the 
second test the amputee felt that he was maintaining the same speed for each run. The 
results again show increases to the amplitude of the gyros data and shorter run 
durations indicating faster walking as the valve setting is increased. Both test results 
clearly show that swing control has a considerable influence over the gait produced by 
an amputee. Moreover these results support the idea that amputee gait is self- 
optimizing and that amputees will have a tendency to walk in way that suits the 
current swing control performance.
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Figure 3-21: Re-sequenced gyro results from TFA in order of increasing valve setting for 
walking runs at a self-selected speed to suit randomised valve settings.
Sensativity Analysis
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Figure 3-22: Re-sequenced gyro results from TFA in order of increasing valve setting when 
instructed to walk at the same speed, while the valve setting was randomised between runs.
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3.10.3 Analysis o f acceleration performance during walking: a 
comparison between passive and active swing phase controls 
Anecdotal experiences of setting up swing controls also shows that the knee damping 
settings can influence the acceleration characteristics of walking, in particular 
amputees can report difficulties reaching higher walking speeds. This is often 
described as a ‘barrier’ that stops faster walking. Since the IP+ is a speed adaptive 
swing controller its function can be considered similar to that of an automatic 
gearbox. As an amputee accelerates the swing control (damping levels) changes to 
ensure coordination of the shank motion with the amputee thigh motion is maintained. 
If the shank forward motion occurs too late then the maximum speed could be limited.
An experiment was conducted to see if the data acquired while an amputee accelerates 
when walking highlights deficient swing control performance. Two test conditions 
were examined:
1) IP+ control enabled
2) IP+ control disabled (valve fixed at the preferred normal speed setting).
In both tests the amputee was asked to walk from standstill and to steadily accelerate 
to their fastest possible walking speed. The data was examined visually for any 
differences between control methods. Comparative results from two tests are shown in 
figure 3-23. The rightmost data set was obtained with the IP+ controller enabled. The 
leftmost dataset was obtained with the IP+ controller disabled. Comparative data for 
both amputees showed that the IP+ generally produced a waveform pattern with more 
gradual increases in signal amplitude, suggesting smother acceleration performance. 
While the experiment and data seemed to be useful for studying the dynamic nature of 
swing control performance with changing speeds, the method of data collection was 
considered to be potentially unreliable as the instructed walking performance could be 
open to different interpretations between amputees. For example some amputees may 
try and walk more smoothly than others. The instruction to walk at a fixed speed was 
thought to be simpler and more straightforward to follow and thereby more reliable. 
Therefore study of the acceleration performance of walking was not pursued further.
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Figure 3-23: Comparative gyro data obtained from TFA when accelerating from slow to fast 
walking speeds. The dataset on the left the IP+ controller was disabled, for the right dataset 
the IP+ was enabled.
3.10.4 The effect o f altered flexion damping on walking data 
Since a key aspect of the work undertake in this thesis was to obtain an understanding 
of how the flexion valve control could influence walking performance, of particular 
interest is evaluating how the walking motions are altered for non-optimal conditions. 
Subject TFA participated in a simple experiment designed to capture both optimal and 
non-optimal walking data. This was simply achieved by collecting run data at 
different self-selected slow, normal and fast speeds with the IP+ controller disabled in 
the preferred normal speed valve setting. Figure 3-24 shows the ensemble average 
waveform results, the data represents 10 consecutive strides for the three speed runs. 
The green traces represent optimal data (i.e. self-selected normal speed). Compared to 
the optimal data the non-optimal waveforms are distinctly different both in terms of 
shape, signal timing and the amplitudes of signal maxima and minima. These
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preliminary results demonstrated that the gyros were of potential valve for 
discriminating between optimal and non-optimal walking data.
S e g m e n t a n g u la r  velocity d a ta  a t  va rio u s  w alking s p e e d s  with a  fixed flexion valve se ttin g
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Figure 3-24: Ensemble average data (n=10) from subject TFA walking at self-selected, slow, 
normal and fast speeds with the flexion valve fixed at the preferred normal speed setting.
3.10.5 The effect of altered extension damping on walking data 
In Ari Wilkenfields PhD thesis (2002) one major problem was highlighted whereby 
amputees alter hip motion to compensate for increased extension damping. In the 
present work the gyroscope was considered to be a potential solution to help remove 
some of the uncertainty of user actions within an extension damping control scheme. 
In order to investigate this issue a pilot study was carried out whereby the extension 
cushion valve on the IP+ cylinder was adjusted to increase extension damping up to % 
of a turn on the valve from the preferred optimal. The valve is very sensitive and a 
change of this magnitude produces a marked increase of extension damping. Subject 
TF5 was asked to walk at his preferred normal pace, the extension valve was adjusted 
between runs. The subject was not informed as to the nature (increase, or no change) 
of damping adjustment between runs. Several runs in each extension damping state 
were collected in a random order The ensemble average gyroscope waveforms of 10 
consecutive steps were calculated for each run and are shown in figure 3-25 for
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preferred valve setting, + I/2  turn and + % turn valve conditions. The results revealed 
very little difference between the signals particularly during knee flexion. Minor 
differences can be seen during the latter stages of knee extension with a slight shifting 
of gait events timing (i.e. higher extension damping events occurring earlier) although 
given the potential repeatability of waveforms the results probably do not suggest a 
noteworthy change in the way the knee is controlled or swung by the user. This may 
be because the cushion valve on the IP+ cylinder is designed to be only effective over 
the very end portion of the piston stroke.
Effect of E x tension  Valve A djustm en ts
400
Thigh Gyio (optimum) 
Shank Gyro (optimum) 
Thigh Gyio (+1 fZ turn) 
Shank Gyro (*1/2 turn) 
Thigh Gyro (+3M turn) 
Shank C^o (*3W turn)
300
200
<  -100
-200
-300, 100
% Gait Cycle
Figure 3-25: Ensemble average (n=10) thigh and shank gyroscope waveform data from TFA 
with varied extension damping settings. The effects of altered extension damping settings 
were much less noticeable than those achieved from flexion valve adjustment.
The fact that the amputee was aware that the focus of investigation was on terminal 
damping may have influenced the results although he felt that he was not altering his 
gait between runs with different damping settings. This may be because the 
coordination of swing phase using the IP+ is not as adversely affected by extension 
damping compared to changes in flexion damping. Personal preference as to the 
feeling of swing termination may also play a role as to the way the prosthesis is 
controlled. For example it is known in clinical experience that some amputees do like
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to feel the mechanical stop upon full extension as a way of confirming the limb is 
suitably orientated prior to stance phase. It could be concluded that the voluntary 
control phenomenon described by Wilkenfeld (2000) may not occur in all amputees 
due to varied amputee preferences for terminal impact sensations.
One other noticeable feature within the signals was the presence of “knee wobble 
action” artefacts that occur when the stabilising mechanism lock-unlocks, as the GRV 
passes ahead of the knee abruptly moving the knee into full extension. This is shown 
by a short period of knee extension in mid-stance, the knee continues to flex again 
shortly afterwards prior to swing. These knee wobbles actions were also occasionally 
found in data where the setup was considered satisfactory but to a much lesser degree. 
The knee wobble action signal feature can be seen in figure 3-26 at around 83% gait 
cycle.
Segment and knee angular velocity data showing " double-action" in stance phase
300
  shank
  Thigh^  200
3  100
-s -100
-200
100
% Gait Cycle
“KNEE WOBBLE ACTION”
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Flex   Knee
2 ' 400
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<5 -200
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-400,
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Figure 3-26: Segment gyro and knee angular velocity data from TFA showing the “double­
action” phenomenon in stance phase at approximately 83% gait cycle.
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With a higher extension damping settings it is believed that the ESK+ unit may be 
more likely to lock while flexed. The amputee reported the sensation of a ‘wobble’ in 
mid stance that he felt to be unsettling. Clearly a marked ‘wobble’ in the middle of 
stance has the potential to decrease confidence in the knee function, despite the fact 
that it is in fact caused by the knee becoming geometrically stable. In order to 
investigate further the possible effects of extension damping a knee control 
mechanism that has greater influence over the extension phase than the IP+ is 
required.
3.11 Summary and Conclusions
In summary a portable gyroscope sensing system has been described, furthermore the 
output of the gyroscope has been tested and found to be within the expected 
requirements for the study of leg motions during walking. An automated means of 
extracting individual gait cycle data fi*om a continuous measurement record or several 
strides has also been developed. A pilot study was conducted to preliminarily evaluate 
the repeatability of walking data, and to explore how the data may be affected in 
various ways by knee damping setup and experimental methods. The pilot study 
findings suggested that waveform repeatability requires further study and statistical 
quantification. Moreover that specific evaluation of changing signal characteristics for 
different test and knee damping conditions was also worthy of further exploration. In 
the following two chapters expanded investigations in these areas were conducted in 4 
separate experimental studies as follows.
1) Study A: Repeatability of TF amputees walking with the IP+ at different 
speeds. The study was intended to shed light on the repeatability of 
locomotion at different walking speeds.
2) Study B: Was designed to test hypothesis 1 (see chapter 1 section 1.5) by 
determining if and how the repeatability of locomotion is effect by the swing 
damping control, and if repeatability has any bearing on user perception of 
control performance.
3) Study C: Was designed to test hypothesis 2 (see chapter 1 section 1.5) by 
examining changes to the waveform timing characteristics when walking at 
different speeds with non-optimal and optimal swing flexion damping settings.
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4) Study D: Was designed to test hypothesis 2 (see chapter 1 section 1.5) by 
examining changes to the waveform timing characteristics when walking 
within a very small speed range with non-optimal and optimal swing flexion 
damping settings.
The following chapter reports on studies A and B which mainly concerns the stride- 
to-stride repeatability of TF amputee locomotion and explores the influence of speed 
and swing control performance on the repeatability of gait. Chapter 5 reports on 
studies C and D which are focused on investigation of changing signal and voluntary 
control characteristics. In particular the timing and coordination of limb segment 
motions are analysed to quantify changes to the control of swing phase for different 
walking and knee damping conditions.
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Chapter 4: The effect of swing phase control on the 
repeatability of TF amputee gait
4.1 Introduction.
This chapter reports on studies carried out to explore the potential of gyroscopes for 
the analysis of TF amputee locomotion and quantifying the effects of knee damping 
control. Using the gyroscope instrumentation described in the previous chapter, an 
experimental study was carried out in order to evaluate the signal patterns from 
amputees walking at self selected slow, normal and fast speeds using conventional 
non-adaptive and speed adaptive (IP+) pneumatic swing phase controls. In the all the 
following experiments an IP+ pneumatic cylinder was used to test both control 
methods. The PSPC non-adaptive control was simulated by disabling the IP+ adaptive 
control software, by setting the flexion control valve to the preferred valve setting 
position for a normal walking speed. Run-to-run and stride-to-stride repeatability of 
gait cycle timing and the variability of signal waveforms were quantified. The results 
were compared with a subjective evaluation of knee performance to explore the 
feasibility of using repeatability based paradigms for the assessment of prosthetic 
knee setup and control.
4.1.1 Study aims and hypothesis
The main aims of the present study were to quantify the repeatability of gyroscope 
measurement data collected at different walking speeds, determine the effects of knee 
control and to correspondingly determine if there is a link between user perception of 
function and the repeatability of locomotion. Aside from exploring the general nature 
and characteristics of segment kinematic waveform data the repeatability levels of the 
thigh signal data and shank signal were also thought to be of particular interest from a 
control point of view, since both voluntary and prosthetic control components of knee 
control can be examined independently. The hypothesis restated from chapter 1 is 
that:
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• “The degree of stride to stride variation of TF amputee locomotion varies 
according to prosthetic swing phase damping setup with the preferred setup 
shown to be more repeatable”
To test the hypothesis study participants were asked to subjectively score knee control 
performance using a 10 point interval scale while walking at different speeds and with 
different knee damping settings. From the gyroscope measurements the repeatability 
of both temporal data by way of gait cycle timing and kinematic data by way of 
segmental angular velocity and acceleration waveforms were examined and quantified 
over a range of walking speeds using both the IP+ and PSPC swing phase controls. 
Gait cycle time repeatability was chosen for examination since it relates to the 
‘rhythm’ of walking and is a parameter often used in gait evaluation. Moreover recent 
study (1989) of the stability of cycle time data compared to that of other parameters 
such as stride length and walking speed during normal walking found cycle time to be 
the most repeatable parameter. In their paper Kito and Yoneda (2006) suggest that 
the higher levels of cycle time repeatability to be evidence of a dominant and 
fundamental factor of motor control while walking. In the present context of swing 
phase motion control, repeatable gait cycle timing does not necessarily imply 
similarly repeatable kinematic motions, therefore it was also considered appropriate to 
examine the repeatability of segmental kinematics from the gyroscope signal 
waveforms. The repeatability of the waveforms was also considered important to 
evaluate the feasibility of using the gyro signal data directly as a source of control 
feedback for future development of self-optimizing control systems. If the study 
results support the hypothesis then this would indicate that quantification of the 
degree of repeatability of an amputees gait is useful to provide objective indication of 
the effects of knee damping adjustments on control capability and locomotion 
performance and thus support the aims of this project.
4.1.2 Factors influencing the repeatability o f  walking measurement data 
In order to study the repeatability of locomotion all contributing sources of variation 
within the data must be considered. Aside from the repeatability of gait which is the 
main focus of the present study the manner in which the data is collected and analysed 
has the protential to influence the repeatability measured. For example, data may
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comprise of run-to-run and/or stride-to-stride variations. In current gait analysis it is 
common practice to group data from several runs which are deemed to represent a 
subjects walking performance. However it is unclear to what extent this practice has 
on the repeatability measured and if such data would erroneously estimate actual 
“stride-to-stride” gait performance. Another potential source of variation is due to the 
measurement performance of the equipment used and the experimental method. In 
conventional studies of locomotion carried out in a gait laboratory video marker 
systems are often used to capture motion data, there are several factors that can 
influence the repeatability of these measurements. Errors associated with the 
repeatability of locating anatomical landmarks and varying examiner skill levels are 
examples. In studies of TF amputee locomotion inter-test session and inter-examiner 
variation of marker/sensor placement can be minimised by using reference marks 
upon the prosthesis to ensure mounting consistency between tests. However such an 
approach is limited only to those markers that can be mounted onto the prosthesis. 
Due to inevitable inter-subject anatomical variations, consistent sensor mounting upon 
the biological parts of a limb are more difficult warranting inter-test session and inter­
examiner reliability comparisons to quantify these measurement uncertainties and to 
be sure that the results from one test truly reflect a subjects overall gait. 
Comprehensive studies examining the repeatability of normal locomotion using video 
marker systems have been reported by Kadaba (1997) and Growney and Magelan et 
al. (In Press) More recently the reliability of segmental accelerometry from normal 
subjects has been reported by Kavanagh et al. (1989) This study was motivated by the 
uncertain influence of accelerometer mounting location on measurement data. As with 
reflective markers there is clearly scope for variation in sensor mounting upon a 
biological limb. Accelerometer data in particular is derived relative to a global 
coordinate system (e.g. gravity) and thus the signal data can vary depending on 
mounting location. In this regard gyroscopes have an advantage for the capture of leg 
motions, as the sensor output is not sensitive to changing mounting location, as the 
sensed coriollis force exists in the sensor coordinate system. However variation to the 
orientation of the sensing axis have the potential to influence measurements although 
in the present context these errors are expected to be small as the sensor alignment 
geometry can be easily checked with respect to the prosthesis structure. In the 
following experiments the alignment position of the gyro was marked with respect to
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the prosthetic shin and socket and was checked for any dislodgment and misalignment 
that may have occurred during data collection. The experimental method and data 
collection protocol is described as follows.
4.2 Study plan and method
As outlined previously in section 3.10 this chapters experimental work comprises of 
two related studies, A and B. Study A was designed to explore the repeatability of TF 
amputee gait data at different speeds and to quantify within run and inter run data 
variability. Study A data was also designed to provide reference data for studies C and 
D which follow in the next chapter. Study B was designed to examine the influence of 
swing control method (speed adaptive and non-speed adaptive) on the repeatability of 
the gait and the users perception of control function. One female and five male TF 
amputees freely consented to participate in study A. Cause of amputation in all 
subjects was trauma. All amputees were of a K3-K4 activity level and able to walk at 
variable cadences. An overview of subject data is provided in table 4-1. The subjects 
were all experienced limb testers regularly used by the Blatchford research team to 
evaluate knee designs. The study testing was carried out at Blatchfords R&D 
headquarters in Basingstoke (UK) as part of a wider investigation of swing phase 
setup control and programming methodology in advanced prostheses. All subjects 
used an ischial containment socket. The knee used in all tests was the IP+ and were 
the subjects main or spare limb. All study participants were regular users of an IP+ 
with the exception of subjects TF3 and TF4 who normally use the Adaptive prosthesis 
(Endolite). The Adaptive prosthesis comprises of a combined hydraulic and 
pneumatic damping cylinder, the hydraulic cylinder is tapered only acting over 0-35° 
of flexion. The pneumatic cylinder is mechanically identical and operates in the same 
way as the IP+. Subjects TF3 and TF4 used their spare IP+ limb for the tests. None of 
the subjects reported any abnormality or stump pain that might compromise walking 
performance on the day of test. Although all participants used an ESK+ stabilising 
knee mechanism (i.e. weight activated band brake stance control) coupled with an IP+ 
swing phase control, there was some variation to the ankle feet system used as 
detailed in the subject data table. Subjects TF4 and TF5 also used tele-torsional 
devices (Endolite TTPro). For those amputees who normally use a cosmesis, the 
cosmesis was removed from the prostheses to allow easy fixation of the sensors and
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the limb was reprogrammed by Blatchford’s consultant prosthetist. Limb alignment 
and the function of the ESK+ stabilising mechanism was also checked and adjusted 
when deemed necessary by the prosthetists prior to trial data collection. The 
measurement instrumentation was fitted to the study participants as described in 
chapter 3. The data logger, belt and associated cabling were adjusted to be 
comfortable so that in the opinion of the amputees the instrumentation did not hinder 
or cause distraction during walking. Each amputee was given up to 30 minutes to 
practice walking until comfortable with the operation of the prosthesis, wearing the 
instrumentation and test surroundings. During this time the study aims and objectives 
the data collection protocol were also explained to the amputee.
Study B was designed to examine the specific effects of altered damping settings on 
gait performance as such it was deemed important to be able to monitor and reliably 
control the flexion valve setting. To compare adaptive with non adaptive swing 
control methods the flexion control valve was required to fixed at the preferred 
normal speed setting. The standard 1P+ programmer does not have the means to 
indicate the flexion valve position and hence reliable positioning could not be 
achieved. Comparative testing between the 1P+ and an actual conventional Endolite 
PSPC device was also considered but rejected on the grounds that the pneumatic 
design (e.g. piston geometry) and extension damping implementation between 
controls would be significantly different. In the Endolite PSPC device extension 
damping is active over the entire piston stroke, in the IP+ the majority of extension 
damping acts over only the last 10 mm of stroke travel. This was thought to 
potentially add unknown factors that could effect the measurements in a way that may 
relate to mechanical design changes rather than control implementation, and thus 
would not be a fair comparison between adaptive and non-adpative swing control 
strategies. By using the same IP+ hardware and only disabling the speed adaptive 
feature the tested comparison of control method could be conducted blind. A modified 
IP+ control board and Adaptive prosthesis programmer developed for research 
purposes by Blatchford was used in the experiments to examine both IP+ and PSPC 
control systems. This custom built programmer provided a numerical indication of 
valve poistion via an LCD display (the standard IP+ programmer and Adaptive 
programmer is shown in figure 2-19). However due to the limited availability of this
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hardware subject testing of both control methods in study B was limited to 3 subjects. 
Subject details and the participants of each of the studies, A,B,C and D are set out in 
the following table 4-1.
Table 4-1: Study subject details.
Subject Details
Subject
code Sex Age
Weight
(kg)
Height
(m)
Amputated
side Study
Ankle foot 
system
TF1 F 36 58 1.67 Left A 1
TF2 M 57 80 1.81 Left A 2
TF3 M 41 67 1.73 Right A 4
TF4 M 65 65 1.71 Right A.B 3
TF5 M 43 118 1.85 Right A,B,C,D 4
TF6 M 41 98 1.68 Right A,B,C,D 3
M ean 47 81 1.74
SD 11 23 0.07
Ankle-foot used:
1: Elation Foot (Ossur..hf)
2: Muliflex ankle/foot (Blatchford. Ltd)
3: Navigator Foot (Blatchford. Ltd)
4: Muliflex ankle/DR2 (Blatchford.Ltd)
4.2.1 Data collection protocol
The data collection comprised of two studies A and B. All six amputees participated 
in study A that was to evaluate normal IP+ function at various self-selected speeds. 
Three amputees (TF4, TF5 and TF6) also participated in an extended protocol study 
B. Study B comprised of collecting additional runs at self selected slow, normal and 
fast speeds with the IP+ controller disabled with the flexion valve set to the preferred 
self-selected normal speed setting.
Study Part A
The data collection comprised of walking runs along a straight corridor approximately 
35m in length following a qualitative instructions to walk at a specified speed with the 
IP+ swing phase control activated. The exact instruction given was ""walk at a self
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selected comfortable: slow (SSS), normal (SSN) and fast (SSF) speed”^ \ A minimum 
of three runs were collected at each speed. Each run comprised of approximately 25- 
30 consecutive strides depending on speed. Runs were repeated where a disruption to 
walking such as a stumble was observed. Two options were considered for run 
ordering, 1) successive repeated runs at each speed, 2) a randomised sequence of run 
speeds. The first option is the more representative of IP+ programming procedures 
however the data may be prone to repetitive preconditioning influences between runs 
influencing cadence selection. On balance collecting data by way of option 2 was 
considered to be the more robust and objective way of evaluating control outcome and 
locomotion performance. The speed order of runs was sequenced which meant that no 
two consecutive runs were at the same instructed speed category. The exact run 
sequence used was:
SSS, SSN, SSF, SSN, SSS, SSF, SSN SSF, SSS
(SSS-self selected slow, SSN- self-selected normal, SSF- self-selected fast)
Additionally in order to further counter any possible inter-run repetitive 
preconditioning and possible fatigue effects between runs, which may influence 
walking speed selection and/or introduce any deterministic effects within the captured 
data, a period of quiet standing of approximately 25-30 seconds was used to space out 
the runs. The subjects were also freely allowed to take rest breaks at any point in the 
tests.
Study Part B
Three additional runs at each self selected slow, normal and fast speeds were 
recorded. Study A data was collected at the same time as study B, the above sequence 
being carried out twice in study B. The IP+ control was disabled every second run. 
The complete data set comprising at least 3 runs at each speed with the IP+ control 
disabled and 3 runs at each speed with the IP+ control active. The modified hand-held 
programmer and control board described previously was used to periodically disable 
and enable the IP+ control between runs as required. When the 1P+ control was 
disabled the valve was set fixed to the programmed preferred normal speed setting.
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This parameter was determined prior to data collection by reading the current 
programmed setting using the modified programmer. In this way the IP+ can be made 
to function in a manner identical to a conventional non-adpative PSPC device, thus 
allowing a direct comparison between the two control methods. During the inter-run 
waiting periods the amputees were asked to score knee control performance on a 1 to 
10 Interval scale. A score of 1 was considered as extremely poor, a score of 10 
considered as extremely good. Runs were repeated if a stumble or hesitation was 
observed during walking. The subjects were not informed as to which of the IP+ or 
PSPC control methods were activated throughout the whole experiment.
4.2.2 Data analysis
All data were filtered using a 4‘^ -order forwards-backwards low-pass Butterworth 
filter with a cut-off frequency of 25 Hz. Gait cycles were extracted using the 
algorithm described in chapter 3. The algorithm extracts gait cycles and saves the data 
to two files one unaltered raw data and the other in time normalised form. The 
normalised data was used to examine signal waveform repeatability while the un­
normalised data was used for the cycle time analysis. The number of samples in each 
extracted gait cycle providing the means to calculate cycle time. The gait cycles were 
time normalised to 200 points (representing 0.5% gait cycle) using a cubic spline. The 
cubic spline process has the potential to distort the signal shape. To check that the 
signal shape was preserved and that the timing had not been distorted (i.e. time shifts 
more than ±0.5% gait cycle position) and that the amplitude of signal features had not 
been altered (i.e. in excess of ± 17s) the raw and normalised datasets were compared 
by inspection of signal features such as zero crossing events and local maxima and 
minima data points. The first and last 5 gait cycles were omitted fi*om the analysis of 
each run so that the gait cycles during the initial accelerating phase of the run and the 
decelerating phase towards the end of the run were discounted, in all 15 consecutive 
gait cycles from the middle portion of each run was used in the subsequent analysis.
Run gait cycle time data was screened for normality using the Kolmogorov-Smimov 
(KS) test and confirmed to be from a Gaussian distribution using Instat software 
version 3.05 (Graphpad Software Inc, San Diego, CA USA). To compare variation 
between parameters across the three speeds categories the coefficient of variation
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(CV) was used. This statistic is defined as the sample standard deviation divided by 
the sample mean expressed as a percentage as follows:
Equation 4.1
CV=-xlOO%
H
Where o is the standard deviation and p, is the mean of the dataset. CV values close to 
0 indicate similar or repeatable data and thus a repeatable walking rhythm; large CV 
values indicate dissimilar data and therefore a less consistent walking rhythm. Within 
run repeatability was considered using only data from individual runs. In order to 
estimate average cycle-to-cycle repeatability performance the mean of individual run 
CVs (mCV) was calculated. An overall measure of repeatability (oCV) that includes 
both between run and within run variances was also calculated using the grand mean 
and standard deviation of all data from the three runs. This was done to quantify the 
effects of inter-run variation on the data.
When considering the repeatability of time series waveform data the coefficient of 
multiple determination (CMD) as suggested by Kadaba et al. (1989) was chosen in 
preference to the CV despite the CV having been used previously by Winter (1983) to 
quantity both kinematic and kinetic waveform repeatability. This is because the CV 
represents a measure of variation of an entire data set and is not descriptive of 
similarity between waveforms in a time series fashion. The CDM quantities range 
from between 0 and 1, with values approaching 1 when the waveforms are similar to 
each other, values approaching 0 indicate dissimilar waveforms. The CMD is 
calculated as follows.
Equation 4.2
I I (Y„,-Y.)VT(N-1)
CMD=l--=g—   ------------
Z I (Y„.-Y)V(NT-1)
n=l t=l
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Where Y„t is the t-th data point of the n-th gait cycle, Y  t is the mean of the t-th data 
point over n cycles, and Y is the grand mean over the t data points and n cycles. The 
quantity (N) is the number of cycles and (T) is the number of time points. The 
calculation of CMD is based on an analysis of variance model (sum of square 
deviations from the mean). The ratio on the right side of equation 4.2 is known as the 
variance ratio (VR). The numerator of the variance ratio is the variance of the wave 
form data about a ‘running’ grand mean, in this case the ensemble average of each 
time normalised gait cycles within a run. The denominator is the variance about the 
grand mean of all considered data.
In order to strictly quantify within run stride-to-stride repeatability the stsCDM was 
calculated using waveform data from each run. To provide an overall estimate of 
stride-to-stride repeatability the stsCDM values from each run were averaged 
(mstsCMD). The overall CMC (oCMD) was calculated considering data from all 
three runs grouped together to examine the difference between test session data that 
only includes within run variances and test session data which includes between run 
and within run variances.
In order to examine the repeatability of thigh, shank and knee angular velocities and 
acceleration waveform data for study parts A and B over 500 CMD calculations were 
required. In order to automate this process and provide graphical output options a 
Matlab® (The Mathworks Inc, USA) graphical user interface (GUI) was developed 
to process the data. The normalised waveform data was pre-grouped into runs (15 
cycles each) or speed category groups (3 runs) prior to calculation in order to 
calculate within run and between run CMDs and ensemble average waveforms and ± 
2 X standard deviation range limits. A screen shot of the software running is shown in 
figure 4.1.
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Shank Angular V e io d ^Thigh Angular VeiocHy Knee Angular Velocity
Deg/s ^
^4 Thigh Angular Acceleration Knee Angular Acceleration
Deg/s"2
L o a d  D a t a  F i le
E x p o r t  C M D
E x p o r t  M e a n s  +  9 5 % C I
Thigh Deg/s Thigh D eg/s'2 X 10*
Figure 4-1: Matlab GUI developed to calculate waveform CMDs and provide graphical 
output options. The screen shot shows the state o f  the software after loading a recorded data 
file from a typical run at SSF walking speed. The graphs show 15 consecutive gait cycles 
waveforms superimposed. The remaining two control buttons calculate CMD valves for the 
waveform data shown and calculates ensemble average and ±  2 x standard deviation range 
limits.
The three top plots are the thigh, shank and knee angular velocities and the lower are 
the corresponding angular accelerations. The two bottom polar style graphs plot thigh 
(x) versus shank (y) velocity (leftmost plot) and acceleration signal data (rightmost 
plot). The graphs shows 15 superimposed gait cycles prior to CDM calculations. The 
‘Export CDM’ button calculates the CDM for each pre-grouped set of waveforms and 
arranges and saves the data to an ASCII text file. An additional button is provided 
which calculates the ensemble average and ± 2 standard deviations data range limits 
and plots the results. A software listing of the algorithm used to calculate the CDM is 
given in the appendix B.
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4.3 Results and discussion, Study A: Gait cycle repeatability 
A summary overview of the mean gait cycle timing results for each run with CVs, 
oCV and mCV values is presented in Table 4-2. The step-to-step mCYs shown during 
SSS walking ranged from between 1.89% and 3.11%. The mCYs for SSN and SSF 
walking ranged from 1.06% to 1.63% and 0.97% to 2.07% respectively. Run CYs 
were of similar magnitude for all three runs, indicating that the mCYs are a good 
reliable approximation of stride-to-stride repeatability. Overall cycle time between 
amputees ranged from 1.458s to 1.670s for SSS, 1.141s to 1.259s for SSN and 0.948s 
to 1.032s for SSF.
Table 4-2: Study A, mean (SD) (n=15), gait cycle timing results for three runs at each o f  the 
self-selected speed categories. Run CYs , mCYs and oCYs are presented.
Study A: Gait Cycle Timing Data Summary
Run1 Run2 Run3 S-S/R-R
SLOW Mean(SD) cv% Mean(SD) cv% Mean(SD) CV% mCV% oCV%
TF1 1.538(0.043) 2.810 1.510(0.047) 3.141 1.513(0.046) 3.026 2.992 3.024
TF2 1.670(0.042) 2.502 1.603(0.040) 2.518 1.591(0.042) 2.662 2.560 3.349
TF3 1.585(0.048) 3.032 1.584(0.051) 3.202 1.558(0.049) 3.113 3.115 3.164
TF4 1.550(0.032) 2.035 1.567(0.030) 1.925 1.486(0.026) 1.731 1.897 2.952
TF5 1.458(0.035) 2.420 1.511(0.034) 2.279 1.498(0.038) 2.531 2.410 2.807
TF6 1.546(0.035) 2.265 1.545(0.038) 2.440 1.520(0.032) 2.114 2.273 2.368
NORMAL
TF1 1.215(0.013) 1.061 1.220(0.012) 0.980 1.242(0.016) 1.280 1.107 1.469
TF2 1.262(0.023) 1.808 1.259(0.020) 1.578 1.239(0.019) 1.507 1.631 1.967
TF3 1.141(0.013) 1.106 1.165(0.014) 1.181 1.147(0.014) 1.214 1.167 1.462
TF4 1.203(0.013) 1.055 1.235(0.013) 1.054 1.220(0.014) 1.141 1.066 1.506
TF5 1.213(0.019) 1.576 1.170(0.017) 1.411 1.201(0.017) 1.431 1.472 2.092
TF6 1.200(0.015) 1.241 1.238(0.015) 1.182 1.224(0.014) 1.146 1.189 1.744
FAST
TF1 0.998(0.018) 1.754 1.002(0.019) 1.875 0.979(0.017) 1.729 1.786 2.010
TF2 1.009(0.012) 1.188 1.024(0.015) 1.502 1.023(0.013) 1.252 1.314 1.434
TF3 0.948(0.021) 2.164 0.967(0.018) 1.902 0.978(0.021) 2.151 2.072 2.406
TF4 1.021(0.010) 1.012 1.027(0.009) 0.876 1.012(0.010) 1.034 0.974 1.132
TF5 1.032(0.011) 1.114 1.047(0.010) 0.940 1.015(0.010) 0.975 1.009 1.628
TF6 1.025(0.010) 0.929 0.988(0.011) 1.096 1.013(0.012) 0.929 0.984 1.883
CV-Coefficient of variation
mCV- Mean coefficient of variation (mean of 3 individual run CVs) 
oCV- Overall coefficient of variation (CV calculated from data from all 3 mns)
The oCY for all subjects were considerably higher than corresponding run and mCY. 
Although CYs were similar across all three runs the slight changes in cadence
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between runs indicated by the cycle time data adds to the overall variance of the data 
when grouped. This would suggest that the idea that grouping runs together as carried 
out as routine in many gait lab data analysis is not a reliable method for the estimation 
of stride to stride repeatability when walking or where the intended repeatability 
measures are thought to represent actual motor control performance over consecutive 
strides.
The mean of all three run cycle times at each self selected speed are shown in figure 
4-2. The bars denote ± 2 standard deviations from the mean. The plot shows that for 
each subject the self-selected cycle times for each speed category were distinctive 
with no overlapping between speed categories.
•  slow 
■ norm
♦ fast
E
P
0.8
TF1 TF2 TF3 TF4 TF5 TF6
Subjects
Figure 4-2: Study part A results. The overall ensemble average cycle time data (n=45) for all 
three runs for each amputee at each of slow, normal and fast, speeds. The bars show ± 2 
standard deviations from the mean.
The plot also shows that between amputees there was considerable variation in terms 
of self-selected cadence and overall cycle time range both between and within speed 
categories. A illustrative example of the variation observed between consecutive gait 
cycles and between runs for each speed category is shown in figure 4-3. The plot
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further highlights the increased variation of the cycle time data at SSS speed 
compared to SSN and SSF which was a trend seen in all subjects. The plot also 
provides a visual comparison of the variation of the data between runs.
STUDY A TF4 RAW DATA
10 11 12 13 14 15
C ycles
Figure 4-3: A representative example of consecutive cycle time data over 15 steps (data 
taken from TF4) for three mns at each speed category. Sr-Slow mn, Nr-Normal mn, Fr-Fast
mn.
When comparing mCV between speed category for all subjects as shown in figure 4-4 
no consistent trend could be observed between the SSN and SSF speeds. For subjects 
TF2, TF4, TF5 and TF6 the SSF mCVs were shown to be smaller than SSN mCVs. 
This lack of consistency may reflect differing abilities between amputees to walk and 
maintain consistently faster cadences or differences in way the qualitative instructions 
were followed. For instance some amputees the comfortable speed selection may have 
been close to the limit of their fast walking capability while others may have in fact 
been able to walk considerably faster adding further scope for step speed selection 
and thus also potentially adding to the variability within the data. Data from other 
studies of amputee locomotion that can be used for comparison with these results are 
limited due to variation in experimental methodology such as for example variations 
in the prostheses used, data collection protocol (e.g. use of treadmill etc.) and activity 
level of amputees. Although the performance of the IP/IP+ has been studied 
previously most reported studies have imposed some form of control on walking
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speed selection (e.g. use of a treadmill). Only non-treadmill/speed controlled study 
data was considered for comparison that is where no abnormal constraint or regulation 
of walking speed was used to collect stride data. The cycle time results reported here 
are marginally faster compared to the self-selected normal speed mean stride times of 
1.36s reported by Jaegers et a/.(Jaegers, Hans Arendzen et al) who studied amputee 
locomotion using conventional single axis and polycentric knee designs in 12 
subjects. Study A SSF cycle times are also faster than the mean of 1.23 reported by 
Jaegers et al. (2005) for SSF walking. This discrepancy at faster speeds may not be 
surprising since the enhanced speed adaptive function of the IP+ is thought to allow 
higher step rates to be achieved.
CV com parison across sp eed s
□  mCv slow
a  mCv normal
□  mCV fast
Figure 4-4: Speed category comparison of step-to-step mean CVs for study A when walking 
using the IP+. SSS mCYs are higher than both SSN and SSF mCVs, no consistent trend was 
shown between SSN and SSF speeds.
The SSN results presented here are in close agreement with the SSN stride time data 
measured using the SNS, C-leg and Rheo Knee of between 1.23s and 1.28s reported 
by Johansson et al (1992) Compared to normative data from unimpaired walkers 
reported by Winter (Kirtley, Whittle et al 1985; Winter 1989; Wilkenfeld 2000) the 
cycle timing figures presented here would seem to be slightly on the slow side of 
normal.
4.3.1 Kinematic waveform repeatability (study part A)
The mstsCMD and oCMD results for study part A are presented in Table 4-3.
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Table 4-3: Study part A, segmental velocity and acceleration waveform mstsCMD and 
oCMD values for SSS, SSN and SSF speeds categories
Slow Norm Fast
TF1 mstsCMD oCMD mstsCMD oCMD mstsCMD oCMD
Thigh Ang-vel 0.968 0.962 0.982 0.964 0.980 0.954
Shank Ang-vel 0.977 0.964 0.984 0.961 0.986 0.956
Knee Ang-vel 0.972 0.962 : 0.982 0.958 0.983 0.954
Thigh Ang-acc 0.891 0.887 0.920 0.872 0.901 0.796
Shank Ang-acc 0.940 0.899 0.962 0.897 0.942 0.799
Knee Ang-acc 
TF2
' 0.923 0.902 ; 0.953 0.899 0.937 0.821
Thigh Ang-vel 0 383 0.954 0.989 0.976 0.991 0.984
Shank Ang-vel 0 985 0.962 0.991 0.980 0.995 0.985
Knee Ang-vel U.982 0.948 : 0.988 0.982 0.990 0.984
Thigh Ang-acc 0.974 0.701 0.875 0.800 ' 0.884 0.821
Shank Ang-acc 0.904 0.742 : 0.938 0.821 0.935 0.926
Knee Ang-acc 
TF3
0.890 0.761 0.915 0.814 0.903 0.893
Thigh Ang-vel 0.967 0.954 0.994 0.981 0.989 0.977
Shank Ang-vel 0.968 0.955 0.997 0.984 0.995 0.978
Knee Ang-vel 0.965 0.955 : 0.995 0.982 0.989 0.976
Thigh Ang-acc 0.752 0.687 0.849 0.810 0.888 0.801
Shank Ang-acc 0.847 0.877 0.978 0.97 0.949 0.952
Knee Ang-acc 
TF4
0.843 0.821 0.968 0.958 : 0.917 0.850
Thigh Ang-vel 0.982 0.970 0.992 0.981 ; 0.994 0.980
Shank Ang-vel 0.986 0.971 0.995 0.983 ! 0.997 0.981
Knee Ang-vel 0.980 0.972 0.992 0.982 0.994 0.98
Thigh Ang-acc 0.735 0.701 0.907 0.891 ; 0.921 0.899
Shank Ang-acc 0.895 i 0.884 0.957 0.942 ! 0.965 0.957
Knee Ang-acc 
TF5
0.863 i 0.851 0.937 0.938 0.950 0.961
Thigh Ang-vel 0.984 i 0.974 0.990 0.981 0.979 0.962
Shank Ang-vel 0.986 ; 0.972 0.991 0.984 . 0.989 0.971
Knee Ang-vel 0.980 0.971 , 0.987 0.983 ^ 0.976 0.964
Thigh Ang-acc 0.831 0.789 0.897 i 0.865 0.811 0.786
Shank Ang-acc 0.918 0.897 0.952 i 0.901 0.897 0.884
Knee Ang-acc 0.899 0.752 0.941 0.899 ; 0.842 0.831
TF6 1
Thigh Ang-vel 0.974 i 0.941 ; 0.986 1 0.974 1 0.992 1 0.976
Shank Ang-vel 0.982 j 0.951 ; 0.992 1 0.985 1 0.995 0.987
Knee Ang-vel i 0.984 1 0.95 ! 0.988 1 0.972 1 0.996 1 0.974
Thigh Ang-acc 0.789 ! 0.765 i 0.899 0.806 i 0.910 I 0.821
Shank Ang-acc ' 0.901 I 0.799 i 0.940 I 0.921 ; 0.921 j 0.935
Knee Ang-acc 0.895 1 0.81 : 0.925 1 0.906 i 0.910 1 0.912
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In order to better highlight differences in the data the mstsCMD values are also 
plotted for each speed category in figures 4-5, 4-6, and 4-7. On the whole the angular 
velocity waveforms were shown to be repeatable with the lowest CMD value recorded 
0.948 (TF2 Knee angular velocity) and the highest 0.997 (TF4 shank angular 
velocity). The angular acceleration signals CMD values were generally much lower 
and more spread out than the velocities ranging from between 0.687 (TF3 thigh 
angular velocity) and 0.978 (TF3, shank angular acceleration).
Several patterns were noticed within the repeatability data. Firstly the CMD values 
are clearly different between speeds with SSS CMDs generally being lower than at 
the SSN than the SSF CMDs. This agrees with gait cycle timing analysis reported 
earlier. Less of a difference was seen between SSN and SSF speed categories than 
between SSS and SSN results. Overall the most repeatable waveforms were produced 
for SSN walking. When considering differences between segments it was noticed that 
at all speeds and for all amputees the shank angular velocity and accelerations are 
shown to be slightly more repeatable than the thigh. Thigh angular acceleration was 
consistently the least repeatable of all signals and the most variable between subjects. 
Exactly why this occurs is unclear but may be taken as evidence of voluntary control 
activity. One might expect that the lack of normal control and proprioception about 
the knee to produce less repeatable shank motion. It might also be presumed that the 
thigh is the least repeatable because it is a motor control objective to produce 
repeatable shank motion. In other words amputees actively try to modulate the control 
of their thigh (voluntary control) to produce a repeatable shank swing. When 
considering the leg as a mechanical system the shank can be considered as a damped 
pendulum driven by the rotations and translational movements of the thigh and 
inertial forces which could potentially cause more repeatable shank motions. Another 
possible explanation to account for the trend could be due to the CMD calculation that 
generalises into one number the repeatability of the entire waveform. Clearly the thigh 
and shank signal waveforms are different and parts of the waveforms are more 
repeatable than others. Further work is required to determine the cause and 
significance of this trend.
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It was useful to examine how the repeatability of the waveforms changes in time 
series fashion. Examples of ensemble average mean signal waveform with ± 2 x 
standard limits from subject TF5 for IP+ walking at the three speed categories are 
shown in figures 4-8, 4-9 and 4-10. Visual inspection of the waveforms reveals 
several distinctive features. Firstly the variability of the waveform data shown by the 
Cl limits further highlights the repeatability trends according to speed category thus 
far. The data variation range limit bounds appear larger for SSS than for SSN and 
SSF. For SSN and SSF speeds from 0% gait cycle to approximately 25% gait cycle 
both velocity and acceleration waveforms are highly repeatable compared to later in 
the gait cycle. Increased variability can be seen in the region of between 30-50% gait 
cycle towards the end of swing phase for both velocity and acceleration waveform 
data. The increased variation seen over this portion of the signal appeared to occur in 
all subjects for all the speed category data.
Segmental mstsCMDs (SSS)
♦  TF1
A TF355>  0.85 Q
X TF5
Thigh Shank Knee- Thigh Shank Knee
Ang-vel Ang-vel Ang-vel Ang-acc Ang-acc Ang-acc
Figure 4-5: Inter-segmental comparison of velocity and acceleration waveform mstsCMDs 
for subjects TFl to TF6 at SSS walking speed
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Figure 4-6: Inter-segmental comparison of velocity and acceleration waveform mstsCMDs 
for subjects TFl to TF6 at SSN walking speed
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Figure 4-7: Inter-segmental comparison of velocity and acceleration waveform mstsCMDs 
for subjects TFl to TF6 at SSF walking speed.
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4.4 Results and discussion, study B: Gait cycle repeatability 
A summary overview of the mean run cycle time, run CVs, mCV and oCVs results 
from study B testing is shown below in table 4-4. The results show a marked decrease 
in CV values when using the IP+ compared to the simulated PSPC control for both 
SSS and SSF speeds for all study B subjects. As expected for SSN the differences in 
CVs between knee controls were negligible (since the valve position remained at the 
preferred valve setting) although some slight variation was shown between runs.
Table 4-4: Study B, mean (SD) gait cycle timing results (n=15) for three runs each using IP+ 
and PSPC controls at each of the self-selected speed categories. Run CVs , mCVs and oCVs 
are presented.
Study B: Gait Cycle Timing Data Summary
Run1 Run2 RunS S-S/R-R
SLOW Mean(SD) cv% Mean(SD) cv% Mean(SD) cv% mCV% oCV%
TF4(IP+) 1.550(0.032) 2.035 1.567(0.030) 1.925 1.486(0.026) 1.731 1.897 2.952
TF4(PSPC) 1.480(0.036) 2.434 1.492(0.038) 2.554 1.492(0.038) 2.555 2.514 2.749
TF5(IP+) 1.458(0.035) 2.420 1.511(0.034) 2.279 1.498(0.038) 2.531 2.41 2.807
TFS(PSPC) 1.413(0.040) 2.84 1.423(0.040) 2.813 1.412(0.042) 2.956 2.871 2.884
TF6(IP+) 1.546(0.035) 2.265 1.545(0.038) 2.440 1.520(0.032) 2.114 2.273 2.368
TF6(PSPC) 1.459(0.038) 2.633 1.458(0.038) 2.578 1.456(0.041) 2.796 2.669 2.680
NORMAL
TF4 (IP+) 1.203(0.013) 1.055 1.235(0.013) 1.054 1.220(0.014) 1.141 1.066 1.506
TF4(PSPC) 1.199(0.014) 1.167 1.210(0.012) 0.991 1.215(0.013) 1.069 1.075 1.511
TF5(IP+) 1.213(0.019) 1.576 1.170(0.017) 1.411 1.201(0.017) 1.431 1.472 2.092
TF5(PSPC) 1.223(0.018) 1.471 1.189(0.018) 1.513 1.199(0.019) 1.584 1.522 2.021
TF6(IP+) 1.200(0.015) 1.241 1.238(0.015) 1.182 1.224(0.014) 1.146 1.189 1.744
TF6(PSPC) 1.222(0.016) 1.3 1.236(0.015) 1.213 1.231(0.016) 1.299 1.27 1.811
FAST
TF4(IP+) 1.021(0.010) 1.012 1.027(0.009) 0.876 1.012(0.010) 1.034 0.974 1.132
TF4(PSPC) 1.054(0.015) 1.421 1.061(0.015) 1.446 1.053(0.016) 1.523 1.463 1.478
TF5(IP+) 1.032(0.011) 1.114 1.047(0.010) 0.940 1.015(0.010) 0.975 1.009 1.606
TF5(PSPC) 1.060(0.019) 1.822 1.071(0.019) 1.766 1.066(0.020) 1.869 1.819 1.824
TF6(IP+) 1.025(0.010) 0.929 0.988(0.011) 1.096 1.013(0.012) 0.929 0.984 1.883
TF6(PSPC) 1.058(0.021) 2.013 1.059(0.021) 1.981 1.051(0.023) 2.218 2.07 2.093
* PSPC control simulated by disabling adaptive control software on IP+, with the 
valve set to the preferred SSN position.
Generally the largest differences in CV values were seen during SSF walking, 
although this trend was clearly more marked in some subjects than others. For 
example, the SSF cycle time data for subject TF6 was around twice as repeatable 
when using the IP+ compared to PSPC, whereas the differences recorded by TF4 were 
considerably less. In terms of improving the effect on the repeatability of locomotion
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this would appear to suggest that IP+ functionality has more effective on some 
amputees than others. Furthermore that the IP+ unit is generally more effective at 
improving repeatability at SSF walking compared to SSS walking speed where data 
was shown to be considerably more variable.
The results from this study also showed marked changes in the SSS and SSF cycle 
time data between the two knee controls whereby the overall effect of the non- 
adaptive PSPC control use was a marginal narrowing of the cycle timing range 
between speeds. In general the SSS cycle times were shown to be longer for the IP+ 
and the SSF cycle times are shorter for the IP+. There is no direct evidence in 
literature obtained from unconstrained TF amputee walking to support this finding. 
Some researchers have stated in the context of conventional knee controls that the 
prime means of speed adaptation in TF amputee gait is alteration of stride length 
rather than cadence. In an evaluation study of IP versus PSPC function conducted by 
Kirker et al. (1996) no significant difference (p=0.93) in selected walking speeds 
along a 100m corridor was determined. Although cadence is often taken in meaning to 
be ‘speed’ this finding cannot be confirmed or refuted by the present study as walking 
speed was not measured directly. It is possible that changes in cadence and stride 
length could account for the similarity shown between the two knee controls in 
Kirker’s study. Further work is required to clarify the inter-relationship between 
cadence, stride length and walking speed when using speed adaptive swing phase 
controls.
4.4.1 Kinematic waveform repeatability (study part B)
The mstsCMD results from part B of the experiment are shown in Table 4-5. To aid 
further comparison of the results and highlight differences in the data between swing 
controls the mstsCMD values are also plotted in figures 4-11 to 4-13. Each plot 
represents data from each subject and shows changes in the waveform repeatability 
between knee controls for each speed categories. The gradient of the trend lines 
between each data column provide a visual indication of the magnitude of the 
differences in the data between the two control methods. Thigh angular acceleration 
waveforms were again consistently shown to be the least repeatable of all the 
waveforms for all speeds and both IP+ and PSPC knee controls. The differences in
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CMD results for IP+ and PSPC controls at the SSN were shown to be considerably 
more similar than at SSS and SSF speeds.
Table 4-5: Study B, comparison of mstsCDM results between IP+ and PSPC swing phase 
controls at SSS, SSN and SSF walking speeds.
Slow Normal Fast
IP+ PSPC IP+ PSPC IP+ PSPC
TF4
Thigh Ang-vel 0.982 0.97 0.992 0.981 0.994 0.965
Shank Ang-vel 0.986 0.969 0.995 0.992 0.997 0.961
Knee Ang-vel 0.980 0.965 0.987 0.991 0.994 0.972
Thigh Ang-acc 0.735 0.7 0.907 0.901 0.921 0.896
Shank Ang-acc 0.895 0.863 0.957 0.948 0.965 0.934
Knee Ang-acc 0.863 0.85 0.937 0.943 0.95 0.925
TF5
Thigh Ang-vel 0.984 0.953 0.990 0.981 0.979 0.957
Shank Ang-vel 0.986 0.965 0.991 0.984 0.989 0.958
Knee Ang-vel 0.980 0.958 0.987 0.983 0.984 0.95
Thigh Ang-acc 0.831 0.766 0.897 0.897 0.811 0.775
Shank Ang-acc 0.918 0.874 0.952 0.953 0.897 0.874
Knee Ang-acc 0.899 0.859 0.925 0.92 0.842 0.831
TF6
Thigh Ang-vel 0.974 0.95 0.987 0.987 0.992 0.966
Shank Ang-vel 0.982 0.957 0.992 0.985 0.995 0.978
Knee Ang-vel 0.984 0.96 0.987 0.983 0.996 0.963
Thigh Ang-acc 0.789 0.734 0.883 0.878 0.910 0.821
Shank Ang-acc 0.901 0.84 0.940 0.932 0.921 0.881
Knee Ang-acc 0.895 0.852 0.925 0.92 0.910 0.856
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TF4 mstsCMD comparison
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Figure 4-11: Repeatability comparison between IP+ and PSPC swing phase controls for 
subject TF4 walking at SSS, SSN and SSF speeds.
TF5 mstsCMD comparison
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Figure 4-12: Repeatability comparison between IP+ and PSPC swing phase controls for 
subject TF5 walking at SSS, SSN and SSF speeds.
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TF6 mstsCMD comparison
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Figure 4-13: Repeatability comparison between IP+ and PSPC swing phase controls for 
subject TF6 walking at SSS, SSN and SSF speeds.
Overall the results elearly show a marked drop in repeatability for all waveform data 
when using the PSPC swing control at SSS and SSF speeds, indicating that the IP+ 
produces more repeatable gait motions. These results provide additional support to the 
cycle time results which also suggest that when using an intelligent swing phase 
control compared to a non-adaptive conventional swing phase control gait parameters 
become more repeatable at self selected slow and fast walking speeds. However these 
results must be treated cautiously since only 3 amputees were tested.
4.5 Perception o f control performance and repeatability 
Subjective scores in a range of 1-10 (1 = extremely poor, 10 = extremely good) given 
for knee control performance and corresponding CV valves for study B subjects are 
presented in table 4-6. At SSS walking speeds subjective scores using the IP+ ranged 
from 5 to 8 and for the PSPC 4 to 6. Scoring for SSN was generally higher ranging 
between 7 to 9 and as expected were very similar for both IP+ and PSPC since the 
valve remained fixed between control methods tested. This meant that at SSN some 
PSPC runs were in fact scored higher with smaller CVs than IP+ runs. Scoring for 
SSF runs ranged from between 7 to 8 for the IP+ runs and 5 to 7 for the PSPC runs. 
Considering the scores individually by each amputee the PSPC was never scored
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higher than the IP+ at either SSS or SSF speed categories. The scores, CV and CMD 
data when considered together would appear to indicate that there is a strong link 
between perceived control performance and the repeatability of locomotion. These 
results suggest that amputees may prefer a knee control setup which allows walking 
with more repeatable gait.
Although part B testing of each control system was conducted blind meaning that the 
amputees were not informed as to which of the control methods were activated, all 
subjects could readily identify differences in the swing control. All subjects were also 
experienced users of the IP+ intelligent swing control so may have been able to 
distinguish control performance from other gait characteristics such as accelerating 
and decelerating rather than the performance at a fixed speed.
Table 4-6: Study B, Summary overview comparing CV data with subjective scores of knee 
control function.
Study B: Scores and CVs
Runi Run2 Runs S-S/R-R mean
SLOW score CV% score CV% score CV% mCV% oCV% score
TF4(IP+) 6 2.035 7 1.925 7 1.731 1.897 2.952 6.666
TF4{PSPC) 4 2.434 5 2.554 4 2.555 2.514 2.479 4.333
TF5(IP+) 5 2.420 6 2.279 6 2.531 2.410 2.807 5.666
TF5(PSPC) 4 2.840 4 2.813 4 2.956 2.871 2.824 4.000
TF6(IP+) 7 2.265 7 2.440 8 2.114 2.273 2.368 7.333
TF6(PSPC)
NORMAL
6 2.633 6 2.578 6 2.796 2.669 2.608 6.000
TF4(IP+) 8 1.055 9 1.054 8 1.141 1.066 1.506 8.330
TF4(PSPC) 8 1.167 8 0.991 8 1.069 1.075 1.511 8.000
TF5(IP+) 7 1.576 7 1.411 7 1.431 1.472 2.092 7.000
TF5(PSPC) 8 1.471 7 1.513 7 1.584 1.522 2.021 7.333
TF6(IP+) 7 1.241 8 1.182 8 1.146 1.189 1.744 7.666
TF6(PSPC)
FAST
8 1.300 7 1.213 8 1.299 1.270 1.811 7.666
TF4(IP+) 7 1.012 8 0.876 8 1.034 0.974 1.132 7.666
TF4(PSPC) 6 1.421 6 1.446 6 1.523 1.463 1.458 6.000
TF5(IP+) 7 1.114 8 0.940 8 0.975 1.009 1.606 7.666
TF5(PSPC) 5 1.822 6 1.766 5 1.869 1.819 1.824 5.333
TF6(IP+) 8 0.929 8 1.096 8 0.929 0.984 1.883 8.000
TF6(PSPC) 7 2.013 8 1.981 7 2.218 2.070 2.053 7.333
*PSPC control simulated by disabling adaptive control software 
Score ranges from 1-10 (1-extremely poor, 10 extremely good)
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When considering repeatability measures in a practical context for the development of 
self optimizing prostheses the main drawback is the quantity of data (number of steps) 
required at the same intended speed for assessment. However despite this difficulty 
these results support the idea of using a minimization of step-to-step repeatability 
concept to program an intelligent swing phase control as proposed by Zahedi and 
Sykes (2004).
The calculation of CMD data to quantify limb motion repeatability is not considered 
to be practical for embedded control, however may be useful for clinical assessment 
of control outcome in amputee gait. A self-optimizing control system based on cycle 
time data would seem more feasible for embedding into a control system if 
repeatability measures were to be considered for embedded control ATFPs 
applications. Prosthetic limb setup in practice is largely an iterative process where 
limb adjustments are made and then tested for effectiveness. As multiple steps are 
required before repeatability can be determined the concept of repeatability may be 
better suited for indicating when the optimum setup has been achieved rather than as a 
guide for limb setup adjustments (e.g. reaching a maximum repeatability level). 
Alternatively repeatability measures could be used as a setup fail safe to indicate that 
the net effect of changing control setting is indeed making locomotion more 
repeatable.
The results presented here are of potential value as initial reference data in future 
follow up studies in this area. The results clearly show how the repeatability of TF 
amputee locomotion is influenced by walking speeds and highlights that clear 
differences in repeatability can be expected between individual amputees. These 
results would seem to indicate potential for repeatability assessment of prosthetic gait 
using gyroscopes in a wider clinical setting, for example, comparison of walking 
performance using two different limb systems, or to monitor gait over the course of a 
rehabilitation program. However this suggestion is made cautiously for the following 
reasons. A wider study with a larger amputee population is required for further 
validation to determine more specifically suitable areas of amputee gait evaluation. 
Moreover it would be necessary to identify and quantify the effects of all prosthetic 
variables that might influence the repeatability of amputee gait, not just swing phase
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control as examined here. For example the effects of other setup variables such as 
alignment as indicated by Zahedi and Spence et al. (1986) on swing control should be 
investigated if the repeatability of walking with two different knees is to be examined 
in a clinical setting. Other factors such a fatigue and long-term changes to locomotion 
should also be investigated to determine if and how the repeatability of locomotion is 
affected.
The results of this study highlight differences in the repeatability of a subjects gait to 
varying degrees between amputees when the prosthesis was altered, therefore a case- 
by-case study may be necessary to quantify performance if  repeatability measures are 
used to evaluate limb setup. Since only changes to swing phase control method were 
examined in this study, it remains unclear how other changes to the prosthesis such as 
alignment variation and stance control methods would affect repeatability outcome 
measures.
4.6 Conclusions
With regard to the study hypothesis stated in section 4-1 :
“The degree of stride to stride variation of TF amputee locomotion varies 
according to prosthetic swing phase damping setup with the preferred setup shown 
to be more repeatable”
A link between user perception of swing function and the repeatability of locomotion 
is indicated in this study. These results appear to support the hypothesis that the step 
to step repeatability of walking is variable with swing phase damping setup and that 
walking with the preferred IP+ control is more repeatable than the conventional PSPC 
control device, particularly at SSS and SSF walking speeds. Although the 
repeatability-perception association was consistent in all three subjects these 
preliminary findings should ideally be confirmed in a follow up study with a larger 
sample of amputees.
The data showed that for the analysis of the stride to stride control of locomotion the 
repeatability of individual runs should be considered as a more appropriate measure of
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the level of repeatability of walking performance rather than data from grouped runs 
that can erroneously inflate repeatability measures.
On the basis of these preliminary results repeatability measures are considered to be 
useful for evaluating the effectiveness of a self-optimizing control system. The 
variability of signal waveforms between amputees and across speeds has not yet been 
examined; this work is set out in the next chapter. What is of further interest is an 
examination of exactly how the waveforms change their characteristics with setup. In 
particularly how is the timing and coordination of signal features affected by knee 
damping? and how is ‘voluntary control’ adapted to compensate and deal with non- 
optimal and inappropriate adjustments to the limb? While repeatability measures may 
be useful for quantifying the outcome of prosthetic setup a more practical means of 
data analysis that can be applied in real-time is required for the development of 
ATFPs. The analysis of the gyroscope data with a view to quantifying swing phase 
setup and control on a stride by stride basis is the subject of the next chapter.
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Chapter 5: Analysis of TF amputee swing phase, 
segment motion timing, coordination and voluntary 
control characteristics
5.1 Introduction
This chapter describes the experimental work undertaken to obtain a better 
understanding of the control of prostheses during swing phase from the gyroscope 
data. Experiments were carried out with two TF amputees with a view to studying 
how limb motion patterns and control characteristics change for different walking 
conditions and with various flexion damping settings. A specific focus of the analysis 
was to examine from a practical view point (e.g. in a way that could be achieved in 
real-time by an embedded ATFPs control system) the timing and coordination of 
stump and prosthesis segment angular velocity data. The emphasis on motion timing 
was based on the idea that the purpose of any swing phase control mechanism would 
be to ensure that the prosthetic shank is in the correct orientation at the correct time 
relative to thigh motion for all walking speeds. This idea is explained further as 
follows.
Studies of knee motion in unimpaired walkers show that within subject data the peak 
knee flexion angle achieved in swing phase does not vary a great deal with changing 
walking speed (Kirtley, Whittle et al. 1985; Winter 1989; Wilkenfeld 2000) Therefore 
as a control signal knee flexion angle does not offer a great deal of insight into the 
control mechanism used to regulate swing motions according to walking speed. 
However if the peak flexion angle does not change significantly in spite of changes to 
walking speed and associated stride length then this suggests that other characteristics 
of motion, for example the timing and magnitude of angular velocity data may be 
adapting to speed to preserve the near invariant peak knee flexion angles observed. 
This would then suggest that for each walking speed an optimum angular velocity 
profile exists for each segment and that the segment motions are coordinated in some 
way. In chapter 4 changes to the repeatability of segment angular velocity data further 
suggests that amputees may alter their movements to try and optimise knee control
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towards a specific optimum motion pattern for each speed. This is shown by gait 
cycle time, segment angular velocity and angular acceleration data which was shown 
to become more repeatable as the setup approaches a preferred optimum for the 
required walking task. This idea is also supported by the data collected during the 
pilot study described in chapter 3 that showed that amputees will have a natural 
tendency to walk at a speed that suits the knee damping settings with a 
correspondingly suited segment angular velocity profile.
However the nature of segment motion timing characteristics and the extent to which 
the damping performance of the knee mechanism influences signal data with respect 
to optimum motion patterns for each speed remains unclear. Clinical experience of 
swing phase setup shows that insufficient flexion damping for the required walking 
conditions results in excessive swing phase knee flexion which disturbs the 
appearance of swing phase eventually resulting in a ‘goose stepping’ walking action 
as damping decreases. In contrast damping levels which are too high will produce a 
visually aggressive swing phase action with greatly diminished knee flexion and the 
appearance of stiff legged gait. It is these disturbances to the normal appearance of 
swing motion which are observed during conventional limb programming. The 
amputee may also report that the knee damping tends to hinder a preferred walking 
speed. For example the knee damping may tend to encourage faster walking than an 
actual intended walking speed. Alternatively and amputee may feel that he or she is 
waiting for the leg to catch up, causing hesitation in walking. These experiences 
suggest that the timing of segment motions may be influenced by the knee control and 
that the effect on segment timing may be measured using gyroscopes. The hypothesis 
fi*om chapter 1 is restated here as:
• “An optimum prosthetic swing phase inter-segmental angular velocity timing 
pattern exists for a particular walking speed. Moreover for non-optimal flexion 
damping the timing of segment velocity patterns deviate with respect to the 
optimum timing pattern”
151
Chapter 5. Analysis ofTF amputee swing phase segment motion timing, coordination
______________________and voluntary control characteristics
The experimental work set out in this chapter aims to test this hypothesis by capturing 
and analysing both optimal and non-optimal data. If the hypothesis is proven then a 
number of further questions can be considered.
1) Are the changes to segment timing patterns sufficiently reliable to form the 
basis of a self-optimizing adaptive control algorithm?
2) How can the optimal timing pattern for a walking speed be found for each 
amputee in a practical control system?
3) To what degree are the effects of changes to flexion damping determinable 
from changes in segment timing and coordination and is this adequate for use 
in a control system?
4) What is the control relationship between the shank and thigh segment, is 
adaptation to voluntary control evident?
5) If changes to voluntary control are observed how and why does voluntary 
control exert influence on knee control?
6) Can a control strategy be established between voluntary control and knee 
control such that a knee control system may be developed to optimize 
voluntary control?
7) Does the optimum timing pattern produce the most efficient gait for 
amputees? and thus is there a measurable increase in energy cost when the 
timing pattern deviates from the optimum timing pattern?
While in this chapter these questions are not addressed specifically in the form of 
additional hypotheses, the measurement data is also considered with these questions 
in mind.
5.2 Development o f motion analysis method
As part of this investigation the data collected previously in study A is re-examined to 
evaluate the gyro signal repeatability between amputee subjects with an optimal setup 
at various speeds. This data provides a preliminary estimate of the range of waveform 
data that may be expected from different amputees at self-selected slow, normal and 
fast cadence bands. Aside from testing the part of the hypothesis that swing phase
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segment velocity timing is sensitive to walking speed, this data was thought to be 
useful to help highlight changes to signal features with respect to a general timing 
band for signal features that may be anticipated from amputees. However a more 
specific case by case comparison of non-optimal and optimum data at various speeds 
and flexion damping settings was also deemed necessary, based on the belief that each 
amputee will have their own optimum walking pattern specific to an individual 
preferred style of locomotion. Aside from measuring the timing characteristics of 
signal features to test the hypothesis it was necessary to consider the results in the 
context of both magnitude of deviation from optimal damping conditions and data 
variability to determine if the proposed method is of practical value from the point of 
view of setup analysis.
The first task is to set out a logical framework for motion timing analysis so that 
changes to the signals can be described in a clear and meaningful way and that will 
potentially allow further development into a practical real-time control system. The 
required signal processing task can be broken down into three interrelated parts that 
are defined here as:
1): knowledge acquisition
2): knowledge representation
3): knowledge recognition.
The term knowledge acquisition refers to the step of extracting useful sensory 
information from the available sensor signals. The term knowledge representation is 
taken to mean the manner in which extracted knowledge is represented so that it is 
compatible with control hardware and algorithms. Lastly particular aspects of 
knowledge must be recognised and understood by the controller in a timely manner so 
that control responses may be implemented in accordance with functional 
requirements.
For the knowledge acquisition and representation task it is convenient to think of limb 
motion on two levels:
1) at a sensor level with a continuous analogue output
2) at a higher ‘coordination’ level
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Each level consisting of a sequence of discrete states, at this level limb behaviour is 
similar to that of finite automata. The problem of interpretation between the analogue 
and coordination level is largely one of definition. That is, how to define a useful set 
of meaningful gait events and phases that encompass the entire range of possible 
movements, and which cannot coexist in real time? On a practical level synthesis of 
the coordination level is made more difficult in many control applications due to 
practical sensing constraints which hinder gait event definition and detection such 
acceptability and the encumbrance of sensor placement moreover because gait events 
must be unambiguous, and identifiable in real time by the sensor system. In current 
ATFPs knee joint motion is often simply characterised according to positive or 
negative angular velocities indicating ‘flexing’ or ‘extending’ states or phases. Since 
the gyroscopes measure segmental motions there is considerably more scope for 
increasingly detailed and enhanced descriptions of knee motions. Considering all 
possible combinations of thigh and shank segment rotations in the sagittal plane 
provides a set of six possible inter-segmental motion synergies which can be related 
to joint flexion and extension as set out in figure 5-1.
Extension Synergies
Flexion Synergies
Thigh
Knee
Shank
Figure 5-1: Knee joint extension and extension synergies based on combinations of segment 
rotational directions and comparison of segmental angular velocities magnitudes. Faster 
rotating segments are shown shaded.
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These six synergies and the sequences in which they occur form the basis of a finite 
state modelling and analysis method proposed in the present study to break down and 
analyse the control of knee motion. Segment motion can be characterised simply in 
terms of rotational direction according to signal zero crossing events, for example 
rotations counter clockwise being positive, clockwise being negative. The sign 
convention adopted here refers to a sagittal plane view of leg motions with the 
direction of progression from left to right. Additionally comparison between thigh and 
shank segment angular velocity signals can be used to simply determine relative 
flexing and extension knee joint states. These comparisons can be easily achieved at a 
control level using electronic comparators or in software where the outputs can be 
combined together to represent a phase of motion as a binary word. The knowledge 
acquisition and representation steps are thus in a form compatible with digital control 
hardware. This concept of finite state leg motion analysis converted into a digitally 
coded signal based on limb segment motion data as apposed to the more usual joint 
angle based approaches has been described previously by the author (Moser, 
Catalfamo et al. (2004) and Moser and Ewins (2006)). The rationale, design and 
practical implementation of this motion analysis concept applied to prosthetic limb 
control is set out in more detail in appendix D.
5.2.1 Gait cycle breakdown, gait events and sub-phases 
The finite state breakdown of the gyroscope motion patterns used for analysis is now 
given in figures 5-2 and 5-3. For the purpose of analysis of swing motions with an 
emphasis on voluntary control, the knee motion synergies considered herein can form 
part of two main voluntary control phases termed here as ‘propulsion’ and ‘recovery’. 
Swing phase propulsion is taken to mean when the hip is flexing (shown by positive 
thigh angular velocity), to propel the limb forwards. Swing phase recovery is taken to 
be the point where the thigh begins extending or retracting in the opposite direction 
(shown by negative thigh angular velocity) until heel strike. Propulsion and recovery 
can be broken down in three further sub-phases each defined by one of the motion 
synergies set out in figure 5-1. An example of a complete break down of the 
kinematic gait events highlighted with respect to typical gyroscope waveforms
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(amputee (TF4) walking at a SSN speed with an IP+, with correctly programmed 
setup) is shown in figure 5-2. To assist identification and explanation the gait events 
are numbered and combined with an acronym that describes the motion characteristics 
as defined by the figure legend. An illustrative overview of the sequence of 7 gait sub­
phases used in the analysis is shown in figure 5-3. The gait cycle, as defined in 
previous chapters, starts and ends with the onset of thigh progression (1-TP, thigh 
gyroscope positive angular velocity). There is one pre-swing phase of knee flexion 
prior to 2-TO. Swing phase can be broken down for analysis into six sub-phases 
starting at toe-off (2-TO) and ending at heel strike (13-HS). A complete gait cycle 
broken down with swing divided into 6 sub-phases and one stance phase is described 
as follows with reference to figures 5-2 and 5-3.
The gait cycle begins with swing propulsion pre-swing flexion (PSF) that is the onset 
of thigh positive angular velocity (1-TP). This change in thigh rotation occurs a short 
while after the knee begins flexing during stance phase. This is closely followed by 
the start of swing phase at toe-off (2-TO). The thigh peak progression velocity (3- 
TPM) also occurs around the same time. As flexion proceeds with the thigh angular 
velocity decelerating the shank eventualy begins rotating in the direction of 
progression marked by the gait event defined as shank progression (4-SP). As the 
knee continues to flex with both thigh and shank segments rotating forwards, shank 
rotation continues to accelerate eventually exceeding the thigh angular velocity and 
knee extension begins. This is marked on figure 5-2 as the flexion-extension transition 
(5-FET) gait event. Knee extension progresses with both segments rotating forwards, 
eventually the thigh decelerates to the point where it is ‘pulled back’ changing the 
rotational direction (negative angular velocity). This is signified on figure 5-2 by the 
thigh retraction 6-TR gait event. This event marks the start of the swing recovery 
phase. This distinctive feature of thigh motion is thought to exist to promote knee 
extension reducing the demand on the knee extensors and offers some means of 
voluntary control of swing phase. This gait action is also seen in normal locomotion 
to a limited degree but becomes more exaggerated in individuals with quadriceps 
muscle weakness and is referred to by Perry (1992) as the ‘pass and retract’ 
mechanism. Shortly after the onset of thigh retraction the shank peak progression 
angular velocity is reached (7-SPM), thigh retraction peak velocity (8-TRM) occurs
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around the same time. The shank at this point is approximately vertical. The shank 
then begins decelerating sharply; just before full knee extension is reached the thigh 
begins a second very short phase of rotation in progression (9-TP). As full knee 
extension is reached marked in figure 5-2 as the extension-flexion transition (10-EFT) 
point. Both thigh and shank segments decelerate further changing direction (events 
11-ST and 12-TR) as the extended leg is lowered to the ground with slight knee 
flexion. The next local minimum indicates heel strike and is thus the gait event 13-HS 
defining the start of stance phase. Visual examination of the pilot data described in 
chapter 3 and data collected in the experiments described in chapter 4 indicated that 
the gait events described here were found to occur in very repeatable sequences 
during most level walking speeds and knee setup conditions. However in some cases 
particularly for very slow walking the thigh does not change direction for the second 
time (9-TP) in the swing recovery phase. As such events 9-TP and 12-TR may not 
exist and thus there may not be a mid-swing recovery (MSR) phase. For this reason, 
events 9-TP and 12-TR were not included in the subsequent analysis. During stance 
the shank and thigh signals follow a similar shaped profile. The shank always appears 
to rotate faster than the thigh (a consistent feature of all data collected in this project). 
Exactly why there is a difference in segmental velocities is unclear since in theory the 
prosthetic knee is locked rigid by the stabilising mechanism. The difference between 
segments indicates continued flexion with the thigh rotating at a lower velocity than 
the shank. One possibility that may account for the difference between signals may be 
the compression and releasing action of the rubber ‘stance-flex’ unit fitted to the 
ESK+ knee stabilising unit. Alternatively this signal feature may be caused by a drift 
error that occurs due to the shock impact of the knee reaching full extension as 
described in chapter 3 section 3.7. Further work is required to conclusively determine 
the cause of differences between shank and thigh segment data during the stance 
phase.
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5.3 Variation o f segment motions between subjects and speed categories 
The experimental data acquired previously as described in chapter 4 was re-examined 
with a view to obtaining a better understanding of how the waveform data varies 
between both subjects and speed categories. The subject sample size (n=6) was 
thought to be too small to offer a statistically meaningful indication of inter-subject 
variability. However obtaining a better understanding of inter-subject signal pattern 
variability with an optimal setup, even with a limited data set was considered to be 
helpful prior to signal pattern analysis of data collected at different walking speeds 
and damping settings. The main reason was to determine the repeatability of segment 
motion characteristics between amputees. The sequenced gait event pattern described 
in the previous section provides a ‘snap-shot’ of the dynamic features of limb 
movements and inter-segmental coordination. The timing of these events was thought 
to offer a simple way of quantifying the variability of signal patterns between subjects 
and to be of potential value as a preliminary indicator to help distinguish between 
good and bad swing patterns. This was based on the idea that for poor swing control, 
where for example the heel rise is excessive, the segment timing and coordination of 
the swing motions would be affected whereby the excessive knee flexion would cause 
delays and time shifted gait events. Likewise where knee damping is too high for the 
walking requirements knee flexion may be restricted causing some of the gait events 
described to occur earlier than would be expected with a satisfactory setup.
The analogue waveform results from Study A for subject TF1-TF6 described in the 
previous chapter are presented in figure 5-4. The plots for each subjects show 
normalised ensemble averaged waveforms from the 3 runs (each of 15 steps) captured 
at each of self selected slow, normal and fast speeds. The results highlight subtle 
difference in signal patterns between subjects particularly waveform shape, although a 
pattern changing between speed categories can be clearly observed. Generally 
speaking the signal amplitudes become larger with increasing speed. Most of the 
variation in waveform timing appears to occur during swing extension (5-FET 
onwards).
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Chapter 5. Analysis ofTF amputee swing phase segment motion timing, coordination
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During swing extension most gait events appear to occur earlier in the gait cycle for 
slower speeds rather than for fast speeds. For all subjects at fast speeds the magnitude 
of thigh retraction 8-TRM appears larger than at slow and normal speeds indicating a 
more aggressive thigh retraction action to recover the swinging leg. At slow and 
normal speeds thigh retraction magnitudes 8-TRM are more similar. In subjects TF4 
and TF5 the 8-TRM angular velocities are reduced for slow walking compared to 
normal and in subject TF3 they are approximately equal between slow and normal 
speeds. In subjects TFl, TF2 and TF3 the magnitude of 8-TRM at slower walking 
speeds is larger than that seen during normal walking speeds Generally speaking the 
onset of thigh retraction (6-TR) was shown to occur earlier for slow walking 
becoming later as speeds increase, although this was not the case for subject TF3 
where the 6-TR event for slow walking occurred slightly later in the gait cycle 
compared to timing of 6-TR event for normal walking speeds. The general 
magnitudes of the MSR phase action taken to mean the positive area under the curve 
between events 9-TP and 12-TR also varied between subjects and speeds. In some 
subjects (TF2, TF3, and TF4) there was virtually no MSR phase when walking 
slowly.
In order to examine the combined relationship between thigh and the shank segment 
data the two signals can be plotted against the other producing a distinctive polar style 
plot. This plot for the six study A subject data as shown in figure 5-4 is reproduced 
this way shown in figure 5-5. The approximate position of the gait events defined 
earlier are also marked on the graph. The signal traces are colour coded according to 
speed category (blue = fast, green = normal and red = slow). The most striking feature 
of this graph is a highly linear relationship shown between the thigh and shank 
angular velocities during pre-swing knee flexion. The gradient of the signal over this 
phase is also invariant between speeds and subjects, although the shift in position 
would appear to vary according to speed. It is the only phase of the gait cycle where 
the shank motion is a proportional reflection of the thigh motion. Any signal feature 
that is not influenced by the damping of the knee is of potential value as a measure of 
walking intent. In particular since this inter-segmental signal feature onlv appears to 
vary according to walking speed it is useful as an estimation of walking speed intent. 
For example, the shank signal value at the 1-TP event could be used as an estimation
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of user intention to swing the leg at a particular speed. In order to compare specific 
speed related data variation the data is again plotted in figure 5-6 according to speed 
category. The signal patterns between amputees at normal speed appear more 
consistent that at slow and fast speeds. Although the same basic pattern is preserved 
considerable variation between subjects can be seen reflecting different gait styles 
between subjects and variation due to differences in preferred walking speed between 
amputees.
START
0 100 200 
Thigh Angular Velocity (deg/s)
300 400
Figure 5-5: Ensemble average (n=45, per subject) plots of thigh versus shank signal for study 
A subjects TF1-TF6 at self-selected slow (red), normal (green) and fast (blue) speeds. The 
approximate position of selected gait events are also shown see figure 5-2 for gait cycle 
definitions. A highly linear relationship between the thigh and shank gyroscope signal across 
speed and subjects can be seen during pre-swing knee flexion (1-TP to 2-TO).
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Chapter 5. Analysis of TF amputee swing phase segment motion timing, coordination
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In order to estimate a preliminary ‘normal’ optimum range of waveform timing within 
each speed category, the gait event timing for study A data subjects TFl to TF6 was 
measured by way of visual inspection using Matlab® (The Mathworks Inc, USA) 
signal processing toolkit, signal browser tool. Figure 5-7 shows how the timing 
measurements were made. Movable cursor bars were used to track the position of 
signal gait event positions as defined in figure 5-2.
Signal Browser
File M arkers W indow Help
11# a  Ai M u x z # » " #  Î- “  I i - [ I f  if  A
sig1 (203x8 real, Fs=1)
400
300
200 -
M oveable cursor bars
100
-2Œ)
-300 100
Time
120 140 160 180
S f— —
Marker 1 | 33
  y: 149.5738
Marker 2 x: | 79 die 46
dy: -88 6849
Figure 5-7: The Matlab, signal processing toolkit, browser tool with example data (single 
gait cycle normal speed, using IP+) shows how gait event timing measurements were made.
The following gait event timing was measured, 2-TO, 4-SP, 5-FET, 6-TR, 7-SPM, 8- 
TRM and 10-EFT. The 3-TPM event was omitted because the timing of this event 
was though to be related to the 2-TO event which was already included in the 
analysis. Gait event 9-TP and 12-TR were also omitted from the analysis as these 
event were found not to exist in some slow walking data (see figure 5-4, date from 
TF2 red trace slow walking). The heel strike gait event 13-HS was also omitted from 
the analysis due to the uncertain correspondence of the heel strike position and signal 
local maxima and minima (as described in chapter 3 pilot study data, several local 
peaks can occasionally be observed around this time of the gait cycle) The measured
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gait event range values for study A data given to the nearest 0.5% gait cycle 
categorised according to speed are presented in table 5-1. This level of measurement 
precision is given so that gait event range limits can be accurately dravyn on 
normalised waveform graphs (200 data points, each 0.5%GC). Generally speaking the 
results show a marked degree of time shifting with some of the examined gait events 
occurring later in the gait cycle with increasing speed particularly during the knee 
extension phase.
Table 5-1: Gait event occurrence range data for study A data from walking with a 
satisfactorily programmed 1P+, categorised according to speed, expressed as % gait cycle.
Gait
Event
slow
(start)
slow
(end)
Normal
(start)
Normal
(end)
Fast
(start)
Fast
(end)
2-TO 6 8 5 7.5 5 7.5
4-SP 11 14 11 14 12 15
5-FET 13.5 17.5 14.5 17.5 15.5 19.5
6-TR 22 25.5 23 28 25 31
7-SPM 22.5 31.5 25 31.5 31 37.5
8-TRM 28 32 28 34 32 41.5
10-EFT 34 39 36 42.5 39 46
The data presented in table 5-1 was intended for use as a ‘generalised normal’
reference range of gait timing to help highlight changes to gait event timing. The 
experimental work carried out to obtain a greater understanding of how the signal 
timing coordination is effected at optimal and non-optimal walking conditions is 
described in the next section.
5.4 The effect o f flexion damping and walking speeds on segment 
angular velocities: experimental method
Two experiments were conducted to acquire data with varied control setups under 
both considered optimum and non-optimum damping conditions. The pilot data 
collected in the chapter 3 suggests that both the speed of walking and damping setup 
influence the segment angular velocity data. Since both factors appear to be linked 
and somewhat dependent on each other as indicated by the pilot study data which 
showed that an ‘ amputee self-optimization mechanism’ governs walking output it 
was not though possible to completely isolate these individual factors. The practical
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aim of the present study was to determine if analysis of waveform timing is a 
practical measurement approach from which to study changes to amputee locomotion 
determined by walking conditions and damping setup. The experimental study was 
designed to explore the effects of walking at a wide range of speeds with a fixed 
valve and also the effect of various valve settings when attempting to walk within the 
same speed category. The first experiment was designed to simulate walking at 
various speeds with both good and bad programming. The second experiment was 
designed to simulate a conventional programming procedure where the amputee is 
asked to maintain a fixed speed and the knee damping is adjusted until satisfactory. 
Two amputee volunteers TF5 and TF6 participated in the studies (the reader is 
referred to chapter 4 table 4-1 for subject details). Prior to testing the subjects 
confirmed they had no abnormal stump pain or other conditions that might detract 
from their normal walking performance. Both experiments were conducted at Chas. 
A. Blatchford Ltd. research headquarters in Basingstoke UK where a long straight 
and level 35 meter corridor was used for walking tests. The data acquisition 
equipment was used as described in chapters 3 and 4. Prior to data collection the 
programming and alignment of the prosthesis was checked and deemed satisfactory 
during both tests by the same experienced prosthetist. The preferred flexion valve 
settings at each self selected slow, normal and fast speed were determined from the 
modified programming device by way of a normal programming procedure described 
in section 2.3.3. (see pages 55 and 56).
The walking run data was collected in two different protocols described as follows. In 
both protocols the measurement runs were of shorter duration than those recorded 
during chapter 4 comprising of approximately 20 steps. This was because it was 
found that walking with particularly poor flexion damping settings for amputees is 
considerably more demanding than normal. During pilot trials it was found that for 
extended runs amputees might suddenly change their walking speed in mid run to 
compensate for the poor damping settings. An example data set given in figure 5-8 
shows the effect of a sudden change in speed during a run. The data shows a marked 
increase in walking speed around the time of the 6*^  gait cycle, this is shown 
indirectly by a stepped increase in signal amplitudes.
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Example Data showing sudden change In walking speed
500
■— Shank Gyro 
—  Thigh GyroCHANGE IN WALKING SPEED
400
300
200
-100
-200
-300
-400,
500 1000 1500
Samples
2000 2500 3000
Figure 5-8: An example data set recorded during pilot trials showing the effects of a marked 
change in walking speed which was occasionally observed under non-optimal flexion 
damping conditions.
This change in walking pace was found to be less likely in shorter runs of less than 20 
continuous steps. Runs were repeated in some cases on the test day where it appeared 
that amputee had significantly altered their speed within a run.
5.4.1 Study C, data collection protocol: walking at various cadences with 
fixed valve settings
The speed adaptive function of the 1P+ was disabled, using the adapted wireless 
control unit described in chapter 4. The subjects were instructed to walk along the 
corridor at one of either self-selected slow, normal or fast speed. The valve setting 
was maintained at the preferred setting for one of the speed categories as the run 
speeds were cycled. The preferred valve settings for each amputee for each speed 
category were determined prior to data collection. The exact data collection procedure 
followed is set out in table 5-2. The aim was to capture data that would show the 
effect on motion patterns of walking at various speeds with a fixed valve setting.
168
Chapter 5. Analysis ofTF amputee swing phase segment motion timing, coordination
and voluntary control characteristics
Table 5-2: Study C, data collection procedure, Instructed run speeds and flexion damping
valve settings for each speed
Instructed speed 
category
1P+ valve 
setting 
(preferred)
Slow Slow
Normal Slow
Fast Slow
Slow Normal
Normal Normal
Fast Normal
Slow Fast
Normal Fast
Fast Fast
5.4.2 Study D, data collection protocol: walking within the same cadence 
band with altered flexion damping
In the second series of experiments, the subjects were again instructed: to walk along 
the corridor at various preferred speeds. This time the same speed was maintained for 
three consecutive measurement runs and the valve setting was cycled. The cycled 
valve settings were the preferred settings for each of the speed categories as recorded 
prior to data collection. The optimally matched speed and valve setting was recorded 
first as it was felt it may have an influencing effect on the cadence selected for the 
following two consecutive runs with non optimal valve settings. The exact data 
collection procedure followed is set out in table 5-3. In order to try and reduce the 
influence of walking at different cadences between runs which may be more likely 
particularly with non-optimal valve settings. The runs cycle times were downloaded 
and checked during the test session to ensure that all examined gait cycles fell within 
2 standard deviations of the overall mean cycle time speed categories for each subject 
as reported in chapter 4 study A data. Where necessary runs were repeated, however 
this was only required once. Both subjects were able to reproduce cadences within 
95% Cl limits in spite of knee control changes.
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Table 5-3: Study D, data collection procedure, Instructed run speeds and flexion damping
valve settings set for each speed.
Instructed speed 
category
IP+ valve 
setting 
(preferred)
Slow Slow
Slow Normal
Slow Fast
Normal Normal
normal Slow
Normal Fast
Fast Fast
Fast Normal
Fast Slow
5.4.3 Data analysis
The raw data was filtered using a zero phase lag 4* order low pass Butterworth filter 
with a cut off firequency of 25 Hz. The gait cycles were time normalised as described 
in chapters 3 and interpolated to I ms timing resolution. The first and last five gait 
cycles of each run were disregarded so that possible accelerating and decelerating gait 
cycle data were not included in the analysis. In all 10 gait cycles fi*om the middle 
portion of the runs were used for the following analysis. The ensemble averaged 
waveforms were calculated and plotted. In order to determine how the waveform 
patterns vary between optimal and non-optimal walking conditions, changes to the 
timing of 5 gait events 5-FET, 6-TR, 7-SPM, 8-TRM, lO-EFT were measured. The 
timing of each gait event was measured by visual inspection in the same way as 
described in section 5.3 (see also figure 5-7 for gait event definitions). These events 
were chosen as the analysis of study A data in the previous section 5.3 appeared to 
indicate more obvious gait event timing variation between amputees and speeds 
during the swing extension phase as apposed to flexion. The data presented in table 5- 
1 was used as a “generalised normal range” of optimum event timing at each speed to 
help visualise the magnitude of changes to the segment waveform timing.
5.4.4 Study C: Results and discussion
The study C gait event timing results are presented in table 5-4, the mean time shifts, 
expressed as a percentage of gait cycle, and corresponding standard deviations of 
shifts for the selected gait events examined are also given.
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The event timing data showed a general trend of increasing shifts from optimum as 
swing progresses for non optimal conditions, with the 8-TRM generally shown to be 
the most effected. The largest shifts were unsurprisingly seen during the most non- 
optimal tested walking conditions, such as walking at fast speeds with the valve set at 
the preferred slow setting and vice versa. The changes to event timing occurred in a 
predictable pattern according to the suitability of the valve setting for the test walking 
conditions. When the valve setting was too high for the tested walking speed, the 
measured gait events occurred earlier than the recorded optimum timing and vice 
versa. For example a maximum time shift of -16.1% GC for 8-TRM (prior to 
optimum) was recorded by TF5 walking at a slow speed with the preferred fast 
walking valve setting. A maximum delay in event timing of +15.1% GC was 
measured for event 7-SPM for subject TF6 walking at a fast speed with the preferred 
slow valve setting. These trends are shown more clearly in the ensemble average 
wavefrom results that follow (figures 5-9-5-14). The variability of the event timing 
data was also shown to become more variable as the walking conditions became less 
optimal. The finding that the 8-TRM event timing was often the most shifted for non 
optimal conditions was surprising going against an initial trend of increasing shifting 
as swing progresses. It seems plausible that the thigh motion is being used in some 
way to regulate the timing of the shank motion. Aside from the unsuitability of the 
valve setting for non-optimal test conditions one factor influencing the degree of time 
shifting could be a voluntary control mechanism used to exert some effect on the 
timing to swing outcome shown by lO-EFT data. This may explain why the 
maximum time shifts and data variability occur in mid to late swing (7-SPM and 8- 
TRM) rather than cumulatively at the end of swing.
The ensemble average segment angular velocity waveform results from study part C 
are presented in figures 5-9 to 5-14. Figures 5-9 and 5-10 show ensemble average 
waveform results obtained for subject TF5 and TF6 walking at slow, normal and fast 
speeds when the valve was fixed at the preferred slow speed setting. In both graphs at 
the slow speed all five examined gait events (highlighted by the yellow arrows) fall 
within the generalised optimum normal slow range defined in the previous section. 
When walking at normal and fast speeds with the valve set too low, as it is in this 
case the four gait events occur later outside the normal slow range. In the case of fast
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walking the EFT event occurs over 10% later in the gait cycle than would be expected 
during slow walking because the excessive amount of heel rise is taking considerably 
longer to recover the swinging leg. One striking feature of the signal waveforms is the 
highly exaggerated thigh retraction action during initial swing recovery phase (ISR). 
When measured against the optimum results presented in figure 5-2 the quantities of 
8-TRM are well in excess of normal levels. Amputees have no direct means of 
retarding the amount of knee flexion that occurs, the earliest opportunity available 
within swing to take corrective action is at the 6-TR point thus exaggerating the thigh 
retraction action hastens the recovery of the leg. Clearly this exaggerated action 
would require more effort on the part of the amputee and adds to the asymmetry of 
walking by disrupting swing coordination. The effect of excessively low flexion 
damping on the motion of the shank is also very distinctive. The peak range of shank 
angular velocity in progression is retarded shown noticeably by a flattening out of the 
peak shank angular velocity profile at fast speeds.
Figures 5-11 and 5-12 show the results for subjects TF5 and TF6 walking at the three 
speeds categories with the valve fixed at the preferred normal setting. In both subjects 
for normal walking speed all the examined gait events occur within the estimated 
normal range, although subject TF5 events 6-TR and 7-SPM are on the end limit of 
the normal range. When walking slower than normal gait event timing generally 
occurs earlier. Most of the slow walking gait events occur before or very close to the 
start of the range expected from normal walking. At slow walking for both subjects 
under these conditions when the damping is greater than required the thigh retraction 
action (area under the curve) during ISR was much less than normal slow walking 
levels. MSR was greater than normal slow levels. This can be explained because at 
slow speeds the high damping restricts knee flexion and consequently reduces 
voluntary actions required to assist extension of the leg. The forces and moments of 
the shank acting on the thigh probably causes the increase in thigh progression during 
MSR. At the fast walking speeds in this case under conditions where the damping is 
too low, again for both subjects the examined gait events occurred later than the 
expected normal walking speed range. Moreover in both subjects the thigh retraction 
is again exaggerated compared to normal fast walking levels.
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The results obtained for subjects TF5 and TF6 walking at slow, normal and fast 
speeds with the valve set at the preferred fast walking speed settings are shown in 
figures 5-13 and 5-14. W hile fast w alking all four examined gait events occurred 
within the expected normal fast range. In both subjects 7-SPM  and 10-EFT gait 
events for slow and normal w alking occurred much earlier than the normal fast range. 
The 6-TR events for slow and norm al walking occurred very close to the start o f  the 
fast event range. ISR thigh retraction magnitudes during normal walking with the 
higher ‘fast’ valve setting were sim ilar to normal when compared against figure 5-3. 
H ow ever thigh retraction during slow walking with the high flexion damping level 
was shown to be almost non-existent.
Walking at Slow, Normal and Fast Speeds
400
  S low  Thigh
 S low  Shank
  Norm Thigh
  Norm Shank
  Fast Thigh
  Fast Shank
7-SPM
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300
200
100
P  -100
-200 8-TRM
Range 10-EFTRange
Fixed valve =19
RED TRACE OPTIMUM
-300
-400, 100
% Gait Cycle
Figure 5-9: Ensemble average data (n=15) for subject TF5 walking at slow, normal and fast 
speeds with the valve fixed set to position 19 (preferred slow speed valve setting).
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Walking at Slow, Normal and Fast Speeds
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Figure 5-10: Ensemble average data (n=15) for subject TF6 walking at slow, normal and fast 
speeds with the valve fixed set to 18 (preferred slow speed valve setting)
Walking at Slow, Normal and Fast Speeds
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Figure 5-11: Ensemble average data for subject TF5 walking at slow, normal and fast speeds
with the valve fixed set to 22 (preferred normal speed valve setting)
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Walking at Slow, Normal and Fast Speeds
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Figure 5-12: Ensemble average data (n=15) for subject TF6 walking at slow, normal and fast 
speeds with the valve fixed set to 21 (preferred normal speed valve setting.)
Walking at Slow, Normal and Fast Speeds
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Figure 5-13: Ensemble average data (n=15) for subject TF5 walking at slow, normal and fast
speeds with the valve fixed set to 26 (preferred fast speed valve setting)
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Walking at Slow, Normal and Fast Speeds
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Figure 5-14: Ensemble average data (n=15) for subject TF6 walking at slow, normal and fast 
speeds with the valve fixed set to 25 (preferred fast speed valve setting).
5.4.5 Study D: Results and discussion
The study D gait event timing results are presented in table 5-5, the mean time shifts, 
expressed as a percentage of gait cycle, and corresponding standard deviations of 
shifts for the selected gait events gait event examined are also given. In study D the 
non-inclusion of the effects of different walking speeds in the measurement data 
meant that the overall the time shifting was less marked for non-optimal test 
conditions. Nevertheless the same distinctive trend of time shifting of gait events was 
observed when walking within a speed category in all tests with non-optimal damping 
setup. However the variability of the timing data shifts with respect to the magnitude 
of time shifting highlights a difficulty the proposed analysis approach would have in 
practice when used to evaluate the effects of changing damping settings while 
walking within the same speed category.
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The result from subject TF5 and TF6  walking tests at the same (slow, normal or fast) 
speed with different valve settings are shown in figures 5-13 to 5-18. The similarity of 
shank angular velocity values at 0 % gait cycle helps to show that pre-swing motion 
was fairly similar across all runs at the start of the gait cycle. The more variation that 
is seen at this point the more cautiously the results should be interpreted since it 
would appear angular velocity patterns are also sensitive to cadence fluctuations 
which may effect both signal timing and magnitudes. The data variability should also 
be considered carefully when interpreting results since it too may be influenced by 
walking speed.
In the graphs the red signal traces are the waveforms with correct valve setting at each 
speed. As with the previous results the gait event ranges as defined in table 5-1 for the 
correct speed band are indicated on the graphs. The results for slow walking are 
shown in figures 5-15 and 5-16. For both amputees all four gait events for the correct 
slow valve setting occurred within the expected slow range. Generally speaking for 
the higher valve settings most gait events occurred earlier although not always outside 
the slow event range. Trends similar to that of study C was found whereby when 
flexion damping is too high the thigh retraction action is minimal often combined 
with increased MSR movements. In figure 5-15 the thigh and shank gyroscopes with 
the higher than required valve settings during both flexion and extension clearly lead 
that of the correct slow valve setting waveforms. This is shown to a lesser extent in 
figure 5-16 mainly during knee extension where the shank values at pre-swing 
suggests a better match between the data at the three valve settings.
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TF5 Walking at Slow Speed, Valve Settings 19-26
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Figure 5-15: Ensemble average data (n=15) for TF5 walking at slow speed with three
different valve settings, the red trace indicates data with the preferred valve setting.
TF6 Walking at Slow Speed, Valve Settings 18-25
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Figure 5-16: Ensemble average data (n=15) for TF6 walking at slow speed with three
different valve settings, the red tract indicates data with the preferred valve setting.
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The results obtained when walking at normal speed with various valve settings are 
shown in figures 5-17 and 5-18. The 6 -TR and 10-EFT gait events fell within the 
expected normal speed range. 6 -TR event timing across all valve settings was very 
similar. The timing of the 7-SPM events were borderline for both subjects, suggesting 
that either 7-SPM gait event timing is more variable than expected or initial estimates 
of the expected normal range are too conservative. Moreover the results bring to 
attention the limitations of using gait event timing as means to discriminate between 
optimal and non-optimal motion patterns particularly during trials where the valve 
settings approach the preferred setting. The similarity of shank angular velocities at 
0 % gait cycle again indicates that the pre-swing knee motions and thus trial data was 
well matched across the various valve settings. When walking with the lower than 
required valve setting thigh retraction actions were clearly exaggerated when 
compared to normal, although much less markedly than shown in study C results. 
This provides further evidence to suggest that increased thigh retraction is a key 
compensating action used to help recover the swinging shank in a timely fashion 
when the knee flexes excessively. With the damping higher than required thigh 
retraction was again diminished with increased MSR movement.
Figures 5-19 and 5-20 show the results obtained for when walking at fast speeds with 
the three valve settings. All three-gait events fell within the expected fast range 
although 6 -TR for TF6  was borderline. As with the results reported earlier with the 
lower valve settings the gait events from knee extension onwards generally occurred 
latter in the gait cycle. 7-SPM and 10-EFT events fell outside the normal fast range. 
As with previous findings with lower than required flexion damping, increased thigh 
retraction motion during MSR was clearly evident as a compensating action. In 
subject TF5 the shank motion was retarded never exceeding the values obtained with 
the correct valve setting of 26. In subject TF6  the effect is even more pronounced with 
an apparent ‘clipping’ of the shank signal waveform. The similarity of shank signals 
compared to the variation between thigh signal waveforms during the ISP phases 
show that in some cases as shown in figure 5-19 increased heel rise is caused more by 
the increases to thigh motion than the shank.
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TF5 Walking at Normal Speed, Valve Setting 19-26
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Figure 5-17: Ensemble average data (n=15) for TF5 walking at normal speed with three 
different valve settings, the red trace indicates data with the preferred valve setting.
TF6 Walking at Normal Speed, Valve settings 18-25
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Figure 5-18: Ensemble average data (n=15) for TF6 walking at normal speed with three
different valve settings, the red traces indicate data with the preferred valve setting.
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Overall using the generalised optimum gait event range data during study D trials was 
not as effective at discriminating between good and bad signal patterns as with study 
C. This is most likely due to the apparent shifting of normal event ranges with 
increasing speed as described in section 5.3. When considering these experimental 
results the variability of the time shifting data with respect to the magnitude of event 
shifts and the spread of valve settings examined in this study would suggest that the 
proposed method for the analysis of damping setup would not be viable in practice. 
Clinical experiences with the IP+ and the Adaptive prosthesis in particular where the 
flexion damping setting for swing phase can be easily monitored show that amputees 
are readily able to perceive a one or two valve step differences when selecting the 
optimum flexion damping setting. It is also not uncommon for amputees to select the 
same valve setting for different limb programming sessions on different days. 
However while event timing alone may not be sufficient for analysis of setup, from a 
control point of view a potential important observation in this study is the distinct 
increases to thigh retraction which is thought to be a compensating action used to 
negate damping settings that are too low for the required walking condition. This 
voluntary control action would have the effect of promoting knee extension so that the 
shank can be more rapidly moved towards full knee extension. The opposite action 
(diminished thigh retraction) seems to he used to compensate for damping settings 
that are too high for the walking requirements. The compensating actions described 
here appear logical as the scope of voluntary control is limited during the swing task. 
From this study data it is difficult to see how else voluntary control may be adapted, 
although other compensating actions during the stance phase are also possible, such as 
altering stride patterns. It is probable that most amputees will adopt these kinds of 
actions to varying degrees when attempting to deal with non-optimal knee damping 
setups.
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TF5 Walking at Fast Speed, Valve Setting 19-26
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Figure 5-19: Ensemble average data (n=15) for TF5 walking at fast speed with three different
valve settings, red traces indicate data with the preferred valve setting.
TF6 Walking at Fast Speed, Valve Settings 18-25
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Figure 5-20: Ensemble average data (n=15) for TF6 walking at slow speed with three
different valve settings, the red traces indicate data with the preferred valve settings.
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5.5 Conclusions
The main conclusions and observations drawn from study C and D experiments are as 
follows:
• With regard to the hypothesis stated in section 5.1 characteristic changes to the 
timing of segment angular velocity signal patterns occur relating to both the 
effects of changing walking speed and damping setting. The results support 
the idea that there is an optimum segment velocity timing pattern that is 
dictated by the walking requirements of the amputee. The variation in event 
timing between amputees also suggests that the optimum swing timing 
behaviour for each amputee is different, meaning that different amputees have 
different optimum swing motions. The results also show that good and bad 
damping settings for a particular walking condition can be tracked to some 
degree by way of timing deviation from the optimum waveform timing 
pattern. However considering the variability of the gait event shift data 
highlights the weakness of a timing approach to swing phase analysis. Based 
on these experiments it is concluded that when considering the differences in 
gait event timing likely to be produced by one or two valve steps, the event 
time shifts alone are anticipated to be too small and too variable in practice to 
be a viable means of swing phase setup analysis. Development of alternative 
analysis methods is required to reliably detect subtle changes in the data 
produced from small damping adjustments.
• The dynamic behaviour of voluntary control with respect to knee damping 
performance would seem to support the idea of using an analysis of ‘voluntary 
control’ as a guiding a measure to self optimise the prosthesis. Clearly 
exaggerated thigh retractions are likely to be physically more costly based on 
kinetic energy expenditure. Based on the preliminary evidence of this study a 
self-optimizing scheme that aims to reduce the thigh retraction to within 
normal limits would appear worthy of further investigation. An overview of
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how these findings may be adopted into a self-optimizing swing control 
system is set in chapter 7 entitled Further Work.
The main compensating actions identified when the knee damping is too low 
(i.e. excessive knee flexion) are marked increases in the thigh retraction 
action. There is also a tendency for gait event delays relative to the normal 
optimum timing pattern
When the damping is too high for the walking conditions thigh retraction 
action is reduced since it is no longer needed to help extend the leg. Gait 
events are also more likely to occur earlier than optimal timing pattern in these 
conditions.
The thigh and shank gyroscope signals are a linearly proportionally related 
during pre-swing knee flexion. This inter-segment relationship is generally 
invariant between speeds and amputees. This portion of the signal is 
considered to be of value as an ‘intent indicator’ to swing the prosthesis at a 
particular velocity.
The conclusions draw from this preliminary study must be considered in context of 
the limitations of the study. Only two amputees participated in this study and the 
conclusions made about motion timing characteristics, data variability and the 
dynamic characteristics of voluntary control should ideally be confirmed by a larger 
follow-up study with a larger sample of amputees. Only pneumatic swing phase 
controls were examined in this study thus the characteristics of segment motions 
observed may well be different for other tested swing control mechanisms. However 
the basic thigh retraction control mechanism identified in this study is suggested to be 
a fundamental part of voluntary control of swing phase used to some degree to 
regulate the recovery of the swinging leg. It is therefore believed that similar control 
actions and signal timing deviations would be shown in gyroscope measurements 
taken from a larger sample of amputees using various swing control devices.
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Chapter 6: Summary and Conclusions
6.1 Introduction
This chapter begins by summarising the main conclusions drawn from the literature 
review, followed by a summary of the experimental work and the main conclusions 
drawn from each of the studies. Finally the main contributions and study limitations 
of this body of work are set out in the context of the original aims of the project and 
research hypotheses.
6.2 Summary and conclusions from the literature review
In this project the use of miniature angular rate gyroscopes for the study of TF 
amputee locomotion was examined for potential gait analysis applications to quantify 
prosthetic swing phase setup outcomes and as a sensor for working towards fully self- 
optimizing swing phase damping control systems. The need for this research work 
was determined following a review of the current state of the art of intelligent 
prostheses design, setup and control methods that identified the following 
weaknesses.
• Motion sensing in current generations of intelligent prostheses are limited to 
the knee joint only, there remains no practical means to monitor the effects the 
prosthesis has on the driving voluntary control movements of the amputee. 
Development of a sensing system able to capture voluntary control motions 
was considered worthwhile on the basis that an important and potentially 
useful source of control feedback has not yet been fully explored. Research in 
this area was also thought to be of value to enhance understanding of amputee 
locomotion and offer new insights which may lead to the development of 
improved prostheses setup and control.
Current intelligent prostheses remain reliant on the skill and judgement of the 
prosthetist to satisfactorily setup the limb for various walking speeds. At the 
time this project was carried out all so-called “self-programming” knees were 
reliant on subjective assessment of locomotion by a prosthetist in order to
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adjust limb programming. This was considered a weakness because of the 
potential for human error and variability in the setup process and therefore 
uncertainty that the best setup has been reached. Development of methods of 
quantatively determining the effects of programming adjustments on amputee 
locomotion was considered worthwhile as a means to both quantify and assist 
swing phase setup and to validate auto-programming outcomes.
In this project it was proposed that gyroscopes sensors could be used to measure 
directly the controlling stump movement of the amputee during locomotion and 
thereby offer new sensing data for the control and setup of prostheses compared to 
current knee motion sensing methods. The ideas behind the approach taken in this 
thesis are partly based on the general hypotheses that amputees will exert some from 
of active voluntary control to try and optimize the repeatability of locomotion and 
swing timing and coordination of the prosthesis. Thus for this idea to be true a 
specific optimum swing control pattern must exist for each walking condition., and 
non optimal swing motions must deviate from this optimum control pattern. It must 
also be shown that voluntary control motion behaves in a way that influences control 
motions towards the optimal condition.
The first approach examined was a repeatability-based method to quantify control of 
amputee locomotion. This avenue of investigation was drawn from work identified in 
the literature review which suggested that the step to step repeatability of amputee 
locomotion maybe a suitable indicator of an optimum prosthetic setup and thus high 
user satisfaction. While a repeatability approach had been investigated previously 
from the point of view of limb alignment, no study of the effects of swing phase 
damping on the repeatability of amputee locomotion had been found in literature. This 
led to the first hypothesis examined in this project:
1) The degree of stride to stride variation of TF amputee locomotion varies 
according to prosthetic swing phase damping setup with the preferred 
optimum setup shown to be more repeatable”
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The second avenue of research was to examine the effect of knee damping on the 
timing and coordination of limb segment angular velocity patterns. This led to the 
second hypothesis examined in this project:
2) “An optimum prosthetic swing phase inter-segmental angular velocity timing 
pattern exists for a particular walking speed. Moreover for non-optimal flexion 
damping the timing of segment velocity patterns deviate with respect to the 
optimum timing pattern”
The approach was to consider if analysis of gait event timing and voluntary control 
motion data is of value for development of swing phase setup outcome measures and 
as a source of feedback to develop self-optimizing control systems.
6.3 Development and evaluation o f the gyroscope sensing equipment 
Before any experiments could be undertaken it was necessary to develop a suitable 
gyroscope measurement system from which measurements could be taken. In order to 
capture step-to-step data without hindering gait a portable gyroscope data collection 
system was developed. A commercially available data logger was used with a few 
minor modifications such that it could be worn around the waist of the amputee. The 
signal conditioning circuitry for the gyroscopes were also worn around the waist and 
the gyroscopes were connected via flying leads and securely attached to the socket 
and shank segments of the prosthesis. Following a review of literature the anticipated 
required measurement range of the gyroscopes was considered to be in the region of 
±600 deg/s. No gyroscope with these range specifications was readily available for 
use. The Murata ENC-03JA was selected for use in this project although the specified 
measurement range was only ±600 7s. Despite widespread use of the ENC-03JA 
gyroscope for the study of gait no testing of the output of the gyroscope above the 
specified datasheet range of ±3007s has been reported in literature. In order to ensure 
the measurements taken in this project particularly at fast walking speeds were 
reliable and based on previously published gait data which suggested that angular 
velocities in the region of ± 6007s could be anticipated, it was considered necessary 
to examine the sensor output over this range. This was done using a custom-made 
calibration rig that also allowed scaling of the measured voltages into degree per
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second units. The rig comprised of a moving joint where the gyros were mounted and 
a precision potentiometer mounted at the joint axis to measure segment angular 
displacements. The rig was calibrated using combined goniometer and potentiometer 
data. Regression analysis was used to obtain a calibration line to verify linearity 
(R^=0.9998, RMSE 0.00971) and to rescale the data from volts into degrees. 
Comparative measurements between the gyroscope and the rig were made by 
manually moving the knee through an angular range of approximately ± 6007s. Least 
squares regression analysis comparing the gyroscope data with the rig measurement 
data showed the gyroscope output to be linear with a coefficient of determination R  ^= 
0.9997 and overall RMSE of 15.27s over the ± 6007s range. This level of 
measurement accuracy was considered to be suitable for the purposes of this project.
A pilot study was conducted with one amputee to test the experimental hardware and 
evaluate the potential scope of gyroscope signal pattern data from amputees walking 
with different damping conditions and walking speeds. This study showed that 
adjustment to extension damping did not appear to notably influence thigh gyro data. 
This was unexpected and believed to be due to the particular extension cushion design 
of the IP+ cylinder which only acts over the last part of the piston stroke. Inter-run 
data and within run data appeared repeatable and of potential value for further study. 
The pilot study data also appeared to confirm anecdotal evidence that amputees may 
have a natural ability to find the most comfortable cadence to suit the knee damping 
conditions. Overall the tests also showed that significant changes to the gyro signal 
could be observed from optimum for non-optimal test conditions such as walking with 
the wrong valve setting or the wrong speed to suit the swing phase control. In order to 
further process and analyze the data a gait cycle extraction algorithm was developed 
and tested. Due to the uncertainty of determining heel strike from the gyroscope 
signal features, gait cycles were defined as starting and ending with the onset of the 
forward rotation of the thigh prior to TO, an event defined in this thesis as thigh 
progression (TP).
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6.4 Hypothesis 1, Repeatability outcome measures for analysis o f swing 
phase control
In study A, the stride-to-stride repeatability of amputee locomotion at various speeds 
was examined using the gyroscope sensing system. Six amputees using the IP+ 
pneumatic swing phase control participated in the study. Considerable variability was 
shown between subject measurements both in terms of the cycle time data and motion 
pattern data indicated by the CMD results for different speeds. This further reinforced 
the belief that is important to consider the setup of prostheses on an individual patient 
basis, rather than attempting to generalise an optimal setup outcome to be applied to 
all amputees. The repeatability of slow walking was shown to be considerably less 
than that at normal and fast speeds. The overall variability of data taken from several 
runs was shown to be consistently higher than levels of within run repeatability 
suggesting that current gait analysis practise of grouping data from several runs may 
not be a reliable means of examining the actual repeatability of walking. This added 
variability is most likely due to small inter-run differences in cadence selection. In a 
wider context the repeatability of amputee locomotion has not been widely studied 
and reported in literature, the repeatability results from study A may provide useful 
comparison data in follow up studies which compare the repeatability of TF amputee 
locomotion at different speeds.
In the second study, study B, the differences in repeatability of locomotion between 
non-adaptive and speed adaptive swing phase controls were examined from data 
collected from 3 amputees. Disabling the electronic control with the valve in a known 
fixed position simulated the non-adaptive swing control. The repeatability of the gait 
cycle time and waveform data recorded with the adaptive swing phase control enabled 
at slow and fast speeds was greater than recorded using the non-adaptive control. It 
was also shown through subject evaluation of swing performance using a 1 0  point 
Interval scale that the amputees who tested both control methods all preferred the 
control system that allowed walking with greater repeatability. The results were found 
to support the research hypotheses, and suggest that as the setup improves the data 
converges upon a specific optimal gait pattern. However repeatability outcome 
measures were not considered practical from the point of view of automating limb 
setup in ATFPs due to the large number of steps that may be required to evaluate the
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effects of each damping adjustment. Nevertheless it was concluded that the 
repeatability of locomotion is a useful measure that can be helpful and indicative of 
control capability with different swing phase controls and for overall evaluation of 
swing phase setup.
6.5 Hypothesis 2, The effect o f knee damping on limb segment motion 
timing and coordination
In order to characterise swing control a gait phase detection system was devised 
designed to breakdown in a logical form the combined interaction of thigh motion and 
the motion of the prosthesis. The invariant phases of motion phases produced were 
used to study the control of swing phase in greater depth. The timing of the detected 
gait events was used to study the coordination of swing phase control. In order to gain 
some idea of the variability of swing motions between amputees the data from each of 
the six amputees who participated in the repeatability study A were examined. This 
comparison of waveform data highlighted the individual nature of swing motions 
between amputees and the need to group the data according to speed category. The 
gait event timing bands for each of the speed category were grouped and used as a 
‘generalised normal reference range’ of what variability may be expected within the 
motion data between amputees at each speed category with a satisfactory setup. In 
order to study exactly how control of swing is altered a study was conducted which 
looked at the motions produced with different valve settings and walking speeds. Two 
strategies were adopted for capturing non-optimal data, walking at the wrong speed 
categories for a particular valve setting (study C) and walking with the wrong valve 
settings within a speed category (study D). Two amputees participated in these 
studies both using the modified IP+ controller and programmer described previously. 
The results revealed distinct timing shifts to the gait events when walking with non- 
optimal settings at the wrong speeds. By comparing the event timing with the 
reference range data the non-optimal swing patterns could be easily identified in both 
amputees. When walking within a speed category the differences in motion pattern 
were much less obvious although the same time shifting of events could be observed 
albeit to a much lesser degree. The variability of the changes in signal timing when 
considered in the context of the range of valve settings tested suggested that a timing
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analysis is unlikely to be a sufficiently precise method of analysing the setup of swing 
phase.
6.6 Gyroscopic analysis o f  voluntary control in swing phase
Aside from the focus on changes to signal timing a further aim was to gain further 
insight into the dynamics of control interactions between the amputee and prosthesis 
during swing phase. Study C and D data was also considered from the viewpoint of 
characterising changes in ‘voluntary control’ of swing at different speeds and 
determining the effects of different damping settings. The aim was to try and 
determine if the amputees in order to try and optimize non-optimal swing control 
settings adopt voluntary control compensating strategies. A trait common to all the 
results were apparent changes in the magnitude of thigh retraction which suggested 
the presence of a voluntary compensating strategy used to try and influence the timing 
of swing recovery depending on the required levels of knee flexion for walking at a 
particular speed. Generally the thigh retraction action was increased to try and recover 
the swing coordination and promote knee extension when knee flexion became 
excessive because of insufficient damping. The thigh retraction motion was shown to 
reduce when knee flexion was restricted because of excessive flexion damping. The 
existence of such a compensatory strategy indicates that amputees have an awareness 
of swing fonction despite the sensory losses and can exert considerable influence on 
the control of swing phase of locomotion. These findings demonstrated that using 
gyroscopes the control of swing phase could be examined in sufficient depth and in a 
practically applicable way to be able to pick out voluntary control strategies used to 
control the leg according to the required level of damping. Furthermore the findings 
suggest that it may be feasible to use thigh motion data directly as a form of feedback 
and that the concept of developing a control system to optimize prosthetic control in a 
way that accounts for voluntary control is worth pursuing.
6.7 Contribution and concluding remarks
In amputee gait there are three main combined control factors which determine the 
optimum setup, the amputees voluntary control, the preferred walking speed and the 
knee damping. Given that it is impossible to isolate the individual effects of these 
factors from one another, the next best approach is to try and gauge the relative
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contributions and effects of each factor on swing phase. In this project the potential of 
gyroscope sensors were investigated as they were believed to offer enhanced motion 
sensing compared to current ATFPs motion sensing approaches. In particular this was 
motivated by the potential to monitor directly stump voluntary control and the 
interplay between individual segment motions. It was believed that this new sensing 
approach would increase understanding of swing phase particularly under non- 
optimal conditions and offer a new approach towards self-optimizing ATFPs control 
systems. The present work is believed to be among the first studies of TF amputee 
locomotion using gyroscopes. Moreover to the authors knowledge the present work is 
only the second specific study of the repeatability of amputee locomotion and the first 
to examine the step-to-step repeatability of segment motion patterns and the effect of 
swing phase control on the repeatability of locomotion.
For the first time a method of sensing and analysis of the voluntary control actions of 
swing phase in amputees has been described and demonstrated. This has led to 
quantitative means of understanding of how the voluntary actions of an amputee can 
influence swing control performance. The changing waveform characteristics within 
the motion pattern data indicated within this study appear to show that primarily a 
thigh retraction strategy is used to either promote or retard non-optimal knee flexion. 
A potential implication of this work is that gyroscopes can be used to monitor a 
voluntary thigh retraction strategy used to compensate for poor control in a practical 
way which would allow the prosthesis to optimize itself automatically with regard to 
voluntary control. Overall the results from this preliminary investigation of 
gyroscopes sensing for the analysis of amputee locomotion suggests strong potential 
both in the areas of development of a low-cost sensor system for clinical use to 
evaluate TF amputee walking performance and in more advanced self-optimizing 
ATFP control systems.
6.8 Limitations o f this study
Due to the exploratory and preliminary nature of this project the present study does 
have several notable limitations that are acknowledged as follows:
> The sample size of amputees who participated in this study was small.
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> Only pneumatic swing phase control devices were examined.
> The effects of other setup variables on measurement data were not quantified.
>  Day to day and longer term effects on the repeatability of amputee locomotion 
and limb segment motions were not examined.
These limitations are discussed in more depth in the following chapter. Suggestions 
for further work are also presented.
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Chapter 7: Future work
7.1 Suggested further work areas
In this final chapter areas for further work are identified as follows. The contention 
that the swing phase setup of prostheses should be examined on an individual 
amputee basis due to individual differences in requirements and walking style is 
supported by this study’s preliminary findings and known clinical experiences. 
However a follow-up study with a larger sample size is required to increase 
confidence that the swing phase analysis methods investigated in this project could be 
applied reliably to a larger TF amputee population.
Further study should also be directed towards examining the repeatability of 
locomotion at various stages of rehabilitation and with different types of knee control. 
If the use of repeatability as a measure of quality of prosthetic gait is further validated 
in a wider study this would reinforce the view that such measures may be used to 
make informed clinical judgements with regards to appropriate limb selection and 
rehabilitation outcomes. In this thesis only one aspect of prosthetic setup was 
examined, further investigation is required of other potential sources of variability 
such as changes to component selection and alignment setup so that the effect of each 
setup variable can be properly understood. Improving understanding of all these 
factors will help lead to the development of prostheses that can be easily setup and 
function optimally regardless of the variation of individual amputee requirements.
Although amputee gait is not generally expected to vary greatly day-to-day, ideally 
this should be verified by examining the day-to-day repeatability of measurement so 
that changes to repeatability caused by knee control can be put in relative context with 
normal daily usage. It is clear that the repeatability of locomotion may change in the 
longer term as an amputee adjusts to a new limb. Repeatability in the present study 
was only considered in the short term at the time of fitting, since a main goal was to 
evaluate outcome measures suitable for limb setup. Better understanding of 
repeatability measures in the longer term will be helpful in future studies and further 
ensure clinical judgements taken on the basis of repeatability measurements are more 
robust particularly when evaluating rehabilitation outcomes.
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An alternative approach to the repeatability analysis than that taken in this project 
would be to quantify the repeatability of swing and stance phase independently from 
one another. This may provide a more specific indication of the effects of altering 
knee setup rather than considering the overall net effect on the gait cycle variability 
examined in this study. It should also be pointed out that alterations to swing setup are 
likely to influence a mixed and broad range of gait characteristics not just those 
identified in this study. Further exploratory study is required to characterise all the 
effects of swing phase setup on a wider range of gait measurements. This work may 
yield further outcome measures useful for clinical analysis and development of 
prostheses.
Additional scope exists to further develop and expand the finite state analysis 
techniques developed in this project as part of future work. This may consider 
additional analysis of signal features relating to each phase of motion, and may 
determine any as yet unknown control relationships between phases and effects of 
prosthetic control on amputee biomechanics. The range of analysis possibilities which 
may be considered as part of such future work is set out in more detail in appendix D. 
Use of machine learning and analysis techniques such as neural networks may also be 
worthwhile since such methods can be effective in identifying subtle and unobvious 
patterns within the data.
The voluntary control movements of the stump measured by the gyroscopes relate 
directly to the kinetic energy applied by the amputee to move and control the limb. A 
follow up study that explores the control of mechanical energy in amputee walking 
may be useful to quantify factors such as stump length and limb inertia properties. 
This work would require more measurements to quantify translational kinetic and 
potential energies but may offer further insight into the determinants of efficient 
prosthetic gait. In the final section of this thesis a preliminary concept for an optimal 
swing control system is proposed based on the idea that the optimum control outcome 
is based on a principle of minimization of the amount of ‘driving’ rotational kinetic 
energy through stump movement required to control and maintain satisfactory swing 
coordination.
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7.2 Development o f a practical ATFP self-optimizing control concept 
In this final section a control system concept to develop an automatic means to 
optimize the setup of swing phase damping is outlined drawn fi"om the trends shown 
in the experimental data thus far. Previous attempts at self programming prostheses 
have sought to generalise a swing trajectory suitable for all amputees (Wilkenfeld 
2000), or set a fixed target knee flexion angle . It is the belief of the author that such a 
generalisation approach to limb setup is unlikely to provide the best solution, simply 
because amputees will have different optimum walking styles and thus different setup 
requirements. The findings of this thesis in chapters 3, 4 and 5 would appear to 
support this assertion. Generalisation of walking patterns may also restrict the 
potential of amputees to improve their rehabilitation outcome since generalised or 
target programming goals would essentially act to fix programming outcomes. The 
main weakness of a fixed target knee flexion angle approach to programming 
adjustment is that initial target selection may be prone to human error. Furthermore 
the assumption that the peak knee flexion angle achieved in swing phase is invariant 
may not be sufficiently valid. Normal data shows that small increases in peak knee 
flexion occur as walking speed increase suggesting that a fixed flexion angle may not 
be optimal at all speeds (Winter 1983, 1989).
For work towards the development of a practical control system the first question to 
consider is the scope of limb setup and programming. One option could be to 
continuously optimize damping setup while in normal use, thus a specific 
‘programming’ phase may never be required. Alternatively an algorithm that is 
restricted only for application at a dedicated setup and programming time aside fi*om 
normal use may be considered. While the first method is appealing fi*om the point of 
view of simplicity an obvious danger is that an algorithm may progressively degrade 
the setup in an unexpected way that cannot be limited, particularly when considering 
potential changes to swing control when walking over varied terrains. The appeal of 
having the control system adapt the required damping setup to gait changes over time 
as an amputee gains more confidence and ability with the limb can be maintained 
providing the user can control the setup procedure themselves without expert 
intervention. As a starting point an algorithm that is only used at a dedicated
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programming time is proposed as this is thought to be the more robust method since 
the stability of damping setup can be assured while in normal use. Although such a 
system may not adapt as readily to long term changes in an amputees gait, if the 
programming procedure is largely automatic reprogramming may be carried out 
periodically to account for changes such as the weight of different shoes which can 
affect swing characteristics.
A novel self-optimizing swing control system is proposed that accounts directly for 
amputee voluntary control motions as the main source of feedback in a way that is 
designed to automatically adjust the knee damping of the prosthesis to suit a users 
preferred way of walking. The proposed self-optimizing system is drawn from the 
following observations:
The findings and observations made in this project show that:
1) Amputees have a natural tendency to optimize their gait for any given setup. 
This is most clearly shown by changes to the preferred comfortable walking 
speed. In other words amputees naturally appear to walk in a manner that suits 
knee damping levels.
2) Deviations from optimal walking patterns can be tracked by way of 
repeatability outcome measures and examination of segment velocity timing.
3) A thigh retraction strategy appears to be used to compensate for non-optimal 
swing coordination, particularly excessive knee flexion. Thigh retraction 
diminishes and becomes almost not existent when flexion is excessively 
damped. These actions seemed to be linked to preserving correct coordination 
and timing of swing phase motions.
As described in the previous section the system described here is based on a limb 
setup and programming routine that is separated from normal playback use. The aim 
of the self-optimizing system proposed here is to reduce the magnitude of thigh work 
required to produce a well coordinated swing motion. A main difficulty is deciding 
the required energy requirement to swing the leg for different amputees and walking 
speeds. Basing the system on the principle that amputees will naturally optimize their 
gait when instructed to walk at a comfortable speed gives some idea as to the
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optimum voluntary control characteristics with a particular knee damping level at a 
particular speed. A system that can learn these matched optimum characteristics can 
then begin to form the basis for matching the damping level to voluntary control 
requirements. This learning process and determination of optimum locomotion 
characteristics is defined here as a “calibration phase”.
During the calibration phase the amputee is instructed to walk at a comfortable speed 
with the prosthesis, (this may be any valve setting or a valve setting likely to be close 
to the normal walking speed setting). Since the amputee will walk at a comfortable 
speed for the valve setting, thigh motion and the amount of thigh retraction during 
swing recovery action can be considered optimal. During the calibration phase the 
quantity of thigh retraction control and walking speed are recorded. This may be done 
for example by calculating the RMS gyroscope signal valve over the initial swing 
recovery phase (refer to figure 5-2, area between events 6 -TR and 9-TP). Thigh 
retraction RMS quantities calculated from study A data ( 6  amputees walking at slow, 
normal and fast speeds with the IP+) is shown in figure 7-1.
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Figure 7-1: Comparison of RMS thigh signal retraction versus gait cycle time for subjects 
T1-TF6 while using the IP+, walking at SSS, SSN and SSF walking speed.
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The data shows that at higher cadence there is a marked increase in the amount of 
RMS thigh retraction compared to normal speed. There is much less of a difference in 
thigh retraction quantity at normal and slow speeds. In three amputees slow speed 
thigh retraction was slightly greater than normal, in the remaining three subjects thigh 
retraction quantity was slightly less than normal walking speed levels.
A tuning algorithm that deliberately tries to alter the damping to minimize the thigh 
retraction quantity has a potential flaw that can be predicted from the measurement 
data. That is the thigh retraction may diminish too almost nothing when the knee is 
over damped. Clearly this situation should be avoided therefore some minimum limit 
of thigh retraction may be required. As shown in figure 7-1 data thigh retraction 
quantities at slow walking are broadly similar to those recorded at normal walking 
speed, therefore the recorded normal speed thigh retraction could serve as a limit to 
diminish the chance of over damping the knee. A fixed or programmable ‘response’ 
constant may be used to determine the expected fast walking thigh retraction quantity 
relative to normal walking speed. The controller then actively adjusts the damping 
level to minimize the voluntary control required to swing the leg albeit to a limited 
level to ensure swing safety. Overall the proposed control system would be 
considerably simpler than the current trial and error programming methods to the 
degree that the procedure could be carried out by the amputees themselves without 
expert intervention or guidance.
Another although slightly more complicated approach would be to simply calibrate 
(obtain optimum reference data) the knee at three different speeds thereby the thigh 
retraction quantities for intermediary speeds can be calculated and used to direct the 
required knee damping level. This approach could also be used to determine a range 
of optimum conditions and thus might also allow analysis of waveform timing to be 
used to evaluate setup performance.
The self-programming system described here in terms of a “calibration phase” and a 
“response learning” phase closely follows that of the Endolite SmartIP which was 
developed around the same time this project was undertaken and has since been
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successfully commercialised. The key measurement used in the smartIP is the ratio of 
the knee flexing to knee extending time periods determined by a knee angular sensor 
which corresponds to changes in the timing of gait events 1-TP to 10-EFT (see figure 
5-2). The measurements shown in chapter 5 with respect to changes in knee damping 
and different walking conditions support the use of these gait events to form an 
outcome measure. The Smart IP control system follows a hybrid of the approaches 
described in this thesis. Gait event timing is used as an outcome measure and the 
repeatability of event timing is also considered over successive strides. The response 
of the knee following calibration is based upon a knowledge database acquired 
through empirical testing with many amputees. The author of this work was a co­
inventor of the SmartIP, the reader is referred to the appendix E for a more complete 
description of the SmartIP control system.
7.3 Final remarks
It is interesting to compare the systems proposed above to existing manual 
programming approaches. A manual approach to setup adjustment is based on 
observation by the programmer usually a prosthetist to determine different control 
settings. As part of the programming process it is necessary for the amputee to walk 
badly, something it would appear amputees are not naturally inclined to do. When 
poor gait occurs it is likely that the amputee is taking some form of corrective action. 
Since these corrective actions are not known there may be a risk that the final 
damping has been determined in addition to the amputee taking corrective measures. 
Subsequently when the amputee tries to walk normally the damping may not be 
optimal. By comparison the self-optimizing concepts described here are based on a 
‘calibration’ reference obtained when the amputee is attempting to walk as optimally 
and comfortably as possible with the prosthesis. This provides programming reference 
points to determine the optimal gait pattern and voluntary control behaviour.
The research hypotheses in this project were formulated to consider the feasibility of 
gyro based motion sensing to assist the setup of TF prosthesis focusing on two areas, 
1) gait evaluation by way of repeatability outcome measures to quantify setup and 2) 
direct the coordination and timing of swing phase motions under the effect of 
changing knee damping. This study is believed to be the first study of amputee gait
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using gyros with a particular focus on setup and control of swing phase. Although the 
work in this thesis is of an exploratory nature it is the author’s belief that the potential 
value of a gyro based motion sensing system for evaluation of amputee gait has been 
demonstrated. It is believed that further work in this areas will lead to the 
development of new control systems, better functioning prostheses and improved 
rehabilitation outcomes for TF amputees.
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% — Executes on button press in load data button, 
function loadButton_Caliback(hObject, eventdata, handles)
[fname,pname]=uigetfile('*txt','Select File',200,200); %file dialog box
rawdata = dlmread(fname,'\t',0,0); %define the data (start=0,0 if no time stamp, 0,1 if so)
gyros=rawdata(:,:); %define the gyro signals
%rig=rawdata(:,8); %define the rig measurement data
gyros=gyros*-1 ;
gyros=gyros.*4.98; %scale data into volts 1 bin from data logger = 0.00498mv
rig=rig.*0.00498; %scale the rig data into volts = 0.00498mv
gyros=gyros-2490; %remove 2.5v DC bias added by voltage ref TLE2425 (2500mV)
scalefactor=0.67; %0.67mv/deg/s gyroscope defined by data sheet
gain=4.33; %amplified to 2.9V/deg/s
gyrosensativity=scalefactor*gain; %amplified gyro senstivity in mv/deg/s 
gyros=gyros./gyrosensativity; %scale into degrees per second
%thygyro=rawdata(:,2);
%shankgyro=rawdata(:,3);
%kneeang=thygyro-shankgyro;
%gyros=[gyros kneeang];
%gyros=gyros*-1 ;
%rawdata=rawdata*-1 ;
%rawdata=rawdata(1 :end,1:8);
%plot(rawdata);
%rig=rig-0.3532;
%rig=rig./0.01503;
%rigangv=diff(rig);
%rigangv(end+1 ,:)=0;
%rigangv=rigangv./0.005;
%rawdata=[gyros rig rigangv]; 
rawdata=[gyros];
set(handles.filename,'string',fname); 
handles.rawdata=rawdata; 
handles.output = hObject 
guidata(hObject,handles);
[m,n] = size(rawdata); 
datasize=m;
handles.datasize=datasize; 
handles.output = hObject; 
posx1=1;
handles.posxl =posx1 ; 
handles.output = hObject; 
guidata(hObject,handles); 
posx2=datasize; 
handles.posx2=posx2; 
handles.output = hObject; 
guidata(hObject,handles); 
plotsiz=posx2-posx1 +1 ; 
handles.plotsiz=plotsiz 
handles.output = hObject; 
guidata(hObject,handles);
SCRval=1;
handles.SCRval=SCRval; 
handles.output = hObject; 
guidata(hObject,handles);
SCLval=1;
handles.SCLval=SCLval; 
handles.output = hObject; 
guidata(hObject,handles); 
zoomfac=5;
handles.zoomfac=zoomfac; 
handles.output = hObject; 
guidata(hObject,handles); 
legopt=1;
handles.legopt=legopt; 
handles.output = hObject; 
guidata(hObject,handles); 
cursor=0;
handles.cursor=cursor; 
handles.output=hObject; 
guidata(hObject,handles); 
cursplot=0;
handles.cursplot=cursplot; 
handles.output=hObject; 
guidata(hObject,handles); 
set(handles.plotsize,'string',plotsiz);
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set(handles.sizedisp,'string',datasize): 
set(handles.startslide,'max',datasize); 
set(handles.startslide,'min',1 ); 
set(handies.startslide,'value', posx1 ); 
set(handles.StartJndex,'string',posx1): 
set(handles.endslide,'max',datasize): 
set(handles.endslide,'value',posx2): 
set(handles.EndJndex,'string',posx2)
selplot=[rawdata]:
plot(selplot):
handles.selplot=selpiot; %set up and save handle for selplot so can be used in other functions
handles.output = hObject
guidata(hObject,handles):
% — Executes on button press in CursorButt.
function CursorButt_Ca!lback(hObject, eventdata, handles)
seIp!ot=handles.selplot:
rawdata=handles.rawdata;
[posxl] = ginput(1 ); %section data 
[posx2] = ginput(l); %section data 
posxl =round(posx1): 
posx2=round(posx2):
Cposx1=posx1; 
handles.Cposxl =Cposx1 ; 
handIes.output=hObject; 
guidata(hObject,handles); 
cursor=1;
handles.cursor=cursor;
handles.output=hObject;
guidata(hObject, handles);
xax=[posx1:1:posx2]:
handles.xax=xax;
handles.output=hObject;
guidata(hObject,handles);
cursplot=(selplot(posx1:posx2,1:end));
handIes.cursplot=cursplot;
handles.output=hObject;
guidata(hObject, handles);
%xax=[x1:1:x2];
grid;
plot(cursplot): 
handles.posxl =posx1 ; 
handles.output = hObject; 
guidata(hObject,handles);
handles.posx2=posx2; 
handles.output = hObject; 
guidata(hObject,handles); 
handles.selpIot=selplot; 
handles.output = hObject; 
guidata(hObject,handles):
% — Executes on button press in Savebutt.
function Savebutt_Callback(hObject, eventdata, handles)
posxl =handles.posx1 ;
posx2=handles.posx2;
selplot=handles.selplot;
selplot=selplot(posx1 :posx2,:);
[fname,pname]=uiputfile('*txt','Savefile',200,200):
dImwrite(fname,seIplot,'\t'):
% — Executes on slider movement.
function startslide_Ca!lback(hObject, eventdata, handles)
selplot=handles.selplot; 
posxl =handles.posx1 ; 
posx2=handles.posx2; 
datasize=handles.datasize; 
cursor=handles.cursor;
set(hObject,'max',datasize); 
newval= get(hObject,'value');
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if newva!<posx2: 
if cursor==0; 
posxl =newvai: 
posxl = round(posxl); 
handles.posxl =posx1 ; 
handles.output = hObject; 
guidata(hObject,handles); 
set(handles.Start_index,'string',posxl); 
xax=[posx1:1:posx2]; 
grid;
plot(xax,selplot(posx1:posx2,:)); 
plot(seIplot(posx1 :posx2,:)); 
handles.selplot=selplot; 
handles.output = hObject; 
else
end
else
%set(handles.StartJndex,'string','error'): 
set(hObject,'value',posx1 ); 
end
plotsiz=posx2-posx1 : 
handIes.plotsiz=pIotsiz 
handles.output = hObject; 
set(handles.plotsize,'string',plotsiz): 
handles.selplot=selplot; 
handles.output = hObject;
% — Executes during object creation, after setting all properties, 
function endslide_CreateFcn(hObject, eventdata, handles)
usewhitebg = 1 ; 
if usewhitebg 
set(hObject,'BackgroundColor',[.9 .9 .9]); 
else
set(hObject,'BackgroundCoIor',get(0,'defaultUicontrolBackgroundColor'));
end
% - -  Executes on slider movement.
function endslide_Callback(hObject, eventdata, handles)
selplot=handles.selplot;%include selected data
posxl =handles.posx1 ;
posx2=handIes.posx2;
datasize=handles.datasize;
set(hObject,'max',datasize):
newval= get(hObject,'value');
if newval>posx1 ;
posx2=newval;
posx2= round(posx2):
handles.posx2=posx2;
handles.output = hObject;
guidata(hObject,handles);
set(handles.End_index,'string',posx2);
xax=[posx1:1:posx2];
grid;
plot(xax,selplot(posx1:posx2,:)); 
handles.selp!ot=selplot; 
handles.output = hObject;
%pIotxax=[posx1:1 :posx2]; 
else
%set(handles.Start_index,'string','error');
set(hObject,'value',posx2);
end
grid;
plotsiz=posx2-posx1 ; 
handles.plotsiz=plotsiz 
handles.output = hObject; 
set(handles.plotsize,'string',plotsiz); 
handles.selpIot=selplot; 
handles.output = hObject;
% — Executes on button press capture steps (semi-automatic gait cycle extraction).
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function peak_Callback(hObject, eventdata, handles)
selplot=handIes.selplot; %include selected data
thighgyro=selplot(:,2): %use thigh gyro data for detection
posxl =handles.posx1 ;
posx2=handles.posx2;
datasize=handles.datasize;
datalimit=datasize-2; % detect first and last rows
sample=1;
count=1;
timer=1;
min=0;
index=1 ;
indexpos=0;
indexpos(count)=0;
count=count+1 ; %set first value to be 0
for i =2:datalimit; %from second to second last
x1 =thighgyro(sample): %looking at 2 successive values for zero crossing
x2=thighgyro(sample+1 ): 
if x1 <=0 & x2>=0 & timer>100; 
indexpos(count)=500; %if zero crossing found then set indicator trace to 500
%count=count+1; 
timer=0; %reset timer 
min(index)=count; 
index=index+1; 
handles.min=min; 
handles.output=hObject; 
guidata(hObject,handIes); 
else
indexpos(count)=0; %if not min set to 0
end
timer=timer+1;
count=count+1 ; %set last value to be 0 as well
sample=sample+1;
handles.indexpos=indexpos;
handles.output=hObject;
guidata(hObject,handIes);
handles.index=index;
handles.output=hObject;
guidata(hObject,handles);
end
count=count+1;
indexpos(count)=0;
indexpos=indexpos';
guidata(hObject,handles);
selplot2=selplot;
selpIot=[selplot indexpos];
handles.selplot=seIplot;
handles.output=hObject;
guidata(hObject,handles);
grid;
plot(thighgyro(posx1 :posx2,:)); 
hold on
plot(indexpos(posx1:posx2,:),'r'); 
hold off
cyclepos=find(indexpos);
[m,n]=size(cyclepos);
endindex=m;
endindex=endindex-2;
lsample=1;
index1=1;
index2=1 ;
%——“ normalization'—ploting + save loop~~-~~-~~~~-~~~~~~~~~~~-~~~~~~~-~~~~-~~~~~~~~~ 
for n =1 lendindex; %from second to second last
indexi =cyclepos(lsample); %looking at 2 successive values for zero crossing
index2=cyclepos(lsample+1 );
figure;
plot(selplot2(index1 :index2,:));
step=selplot2(index1 :index2,:);
n=size(step); % determine length of selected data
slze=n(1,:);
div=size/200; % calculate divisions to 200 points 
xi=1 :div:n; % create inetrp matrix
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xi=xi’:
yi=interp1 (step,xi,‘spline’);
figure;
plot(yi);
%grid;
%selplot=(yi);
[fname,pname]=uiputfile('*txt','Savefile',1400,400);
dlmwrite(fname,yi,'\t');
%[fname,pname]=uiputfile('*txt','Savefile',200,200);
%dlmwrite(fname,step,'\t');
%plot(seIplot);
lsample=lsamp!e+1;
end
% — Executes on button press in Stepcapture (manual extraction of gait cycles), 
function Stepcapture_Callback(hObject, eventdata, handles) 
selplot=handIes.selplot; 
rawdata=handles.rawdata;
[posxl] = ginput(1); %section data 
[posx2] = ginput(1); %section data 
posxl =round(posx1 ); 
posx2=round(posx2);
Cposx1=posx1; 
handles.Cposxl =Cposx1 ; 
handles.output=hObject; 
guidata(hObject,handles); 
cursor=1;
handles.cursor=cursor;
handles.output=hObject;
guidata(hObject,handIes);
xax=[posx1:1;posx2];
handles.xax=xax;
handles.output=hObject;
guidata(hObject,handIes);
cursplot=(selplot(posx1 :posx2,1 :end));
handles.curspIot=cursplot;
handles.output=hObject;
guidata(hObject, handles);
%[fname,pname]=uiputfile('*txt','Savefile',200,200);
%dlmwrite(fname,yi,'\t');
plot(selplot);
% interpolation routine-
n=size(curspIot); % determine length of selected data 
size=n(1,:);
div=size/200; % calculate divisions to 200 points
xi=1 :div:n; % create inetrp matrix
xi=xi';
yi=interp1 (cursplot,xi, ‘spline’);
figure;
plot(yi);
grid;
selplot=(yi);
[fname,pname]=uiputfile('*b(t’,'Savefile',200,200);
dlmwrite(fname,yi,'\t');
[fname,pname]=uiputfile('*txt','Savefile',200,200);
dlmwrite(fname,cursplot,’\t');
plot(selplot);
handles.posxl =posx1 ;
handles.output = hObject;
guidata(hObject,handles);
handles.posx2=posx2;
handles.output = hObject;
guidata(hObject,handles);
%set(handles.startslide,'va!ue',posx1);
%set(handles.StartJndex,'string',posx1);
%set(handles.endslide,'value',posx2);
%set(handles.End_index,'string',posx2);
handIes.selp!ot=selplot;
handles.output = hObject;
guidata(hObject,handles);
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% — Executes on button press in FilterData.
function FilterData_Callback(hObject, eventdata, handles)
selplot=handles.selp!ot; %include selected data
samplerate=200
passfreq=20;
nyqfreq=samplerate/2;
[b,a] = butter(4,passfreq/nyqfreq):
Hd = filtfilt(b,a,selplot);
%selplot = fiIter(Hd,selplot): 
seIplot=Hd;
%selplot=[selplot selplotrig]; 
plot(selplot): 
handles.seIplot=selplot; 
handles.output = hObject; 
guidata(hObject,handles);
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MATLAB Software, gyroscope waveform statistical analysis routine
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% Routine on export COM
%Calculation of waveform CMC/CM/CV 95 mean and 95% Cl 
% calculation from numerically indexed trial data upon file reading “nofile +1 etc”
for m = 1 idatapoints 
tmean(m) = mean(data(m,2:nofile+1 )); %determine the average curve 
tstd(m) = std(data(m,2:nofile+1 ));
tciupper(m)=tmean(m)+1.96*tstd(m); %determine upper limit of 95%CI 
tcilower(m)=tmean(m)-1.96*tstd(m); %determine lower limit of 95%CI 
tcv(m) = abs(tstd(m)/tmean(m)*100); %determine the coefficient of variation 
end
tmean=tmean'; %Mean 
tciupper=tciupper'; % upper 95% Cl 
tcilower=tcilower'; % lower 95% Cl
for n = 2:nofile+1 
columnmean(n)= mean(data(:,n)); 
end
grandmean=mean(columnmean(2:nofile+1 )); %Grand mean of data
% Calculate the coefficient of multiple determination/correlation and the coefficient of variation 
MSE=0;
for m = 1 idatapoints 
for n = 2:nofile+1 
tdev(m,n)=(data(m,n)-tmean(m))^2; 
end
MSE = MSE + sum(tdev(m,2:nofile+1 )); 
end
MSE = MSE/(datapoints*(nofile-1 ));
MST = 0;
for m = 1 idatapoints 
for n = 2:nofile+1 
inddev(m,n) = (data(m,n)-grandmean)^2; 
end
MST = MST + sum(inddev(m,2:nofile+1)): 
end
MST = MST/(datapoints*nofile-1);
Rsquare = 1-MSE/MST; %CMD 
Rome = sqrt(Rsquare); %CMC
CV = mean(tcv): %CV
223
Appendix C
Appendix C
Experimental equipment data sheets
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GigaLog16 - Compact Flash Data-Logger
GigaLog is a stand alone data logger which stores data onto a PC compatible 
Compact Flash memory card. GigaLog can record data from 16 analogue, digital 
or pulse counter inputs or it accept RS232 data presented to via it's RS232 port. 
Memory capacity is determined by the size of the CF card installed, and can be up 
to 2GByte in size. Supplied with the GigaTerm configuration utility and GigaData 
data analysis package.
Stand alone datalogger with LCD display
Data stored Compact Flash card in MSDOS/ Windows compatible file 
format
Accepts CF cards up to 2Gbyte
Stores data from 16 inputs which can be a mix of both analogue, digital or 
counter
16 X Analogue inputs 0-2.5V or 0-20mA, 16 bit resolution (only 12 
available via screw terminals)
type-k thermocouple support with cold junction compensation
Digital inputs, 0-0.8 = logic 0, 1.5V to 2.5V = logic 1
32-bit counter, 500Hz, 2.5V
Sample rates from 1 millisecond to 24 hours
Stores incoming data from it's RS232 port
Baud rates from 300 to 115200 baud
High speed, no need for flow control
Optional timestamp at the beginning or the end of an RS232 frame.
CF card can be removed and inserted in PC CF card reader slot 
Logged data can be uploaded via RS232
Can be connected to a Modem for remote configuration and data upload
2 X solid state alarm relays
Power supply 7-15 V unregulated @ typ 50mA.
Low power-down mode between samples - current consumption drops to 
lOOpA
DIN Rail mount - dimensions 105x90x60 mm
225
______________Appendix C______________
The Murata ENC-03 Gyroscope
Source www.Murata.com
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Part Number ENC-03J
Supply voltage (Vdc) +2.7 to +5.5
Current consumption (mA max.) 5
Max. angular velocity (7s) ±300
Output (at angular velocity=0) (Vdc) +1.35
Scale factor (mV/7s) 0.67
Temp, coefficient of scale factor (%) ±20
Linearity (%FS) ±5
Response (Hz max.) 50
Operating temperature range ( C) - 5  to +75
Storage temperature range ( C) —30 to +85
Size (mm) 15.5X8.0X4.3
Weight (g max.) 1.0
All Wplcal values.
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Dependence on supply voltage of scale factor 
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Worldwide Patent Application, W02006/024876 A2, A control system for a lower
limb prosthesis or orthosis
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A CONTROL SYSTEM FOR A LOWER LIMB 
PROSTHESIS OR ORTHOSIS
5 This invention is in the field of biomedical engineering and the analysis of
human movement, and particularly to a control system for the control of 
prosthetic and orthotic devices. Also presented are methods for the 
systematic description and analysis of lower limb motion.
10 Finite state models of locomotion are used to incorporate biomechanical
knowledge of gait into lower limb orthotic and prosthetic control systems. 
The models are traditionally derived from the contributions of experts in gait 
blomechanlcs and rehabilitation technology. The resulting gait patterns are 
used, for example, to control the mechanical resistance of a prosthetic
15 knee. Human gait is probably the most studied of human motions, however
considerable problems remain in deriving applicable finite state models of 
gait. This is partly due the low number of invariant gait characteristics that 
can be reliably identified in real time.
20 Detailed measurement of gait patterns (I.e. human, animal, and artificial) is
achievable through use of a well equipped biomechanical/gait laboratory. 
The equipment typically includes 3D optical measurement systems, force 
plates, plantar pressure, and other motion and physiological sensing 
systems. The resulting measurement records can be synchronised and .
25 analysed by a central computer. The analysis may involve statistical
examination of measured and calculated analogue records over a number 
of gait cycles. The analysis may also involve subdividing the gait cycle into 
discrete phases according to specific characteristics (i.e. temporal, 
biomechanical or invariant). Trained clinicians are able to examine the
30 quality of gait patterns with respect to known biomechanical parameters.
The variability of gait makes analytical (numerical) approaches to gait 
description and control difficult. Known non-analytrcal methods of motor 
control, e.g. by selecting key features of signals from sensors, are achieved
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by abstracting both plant dynamics and control solutions into finite 
automata systems which simplifies relatively complex motor control 
problems and solutions. In addition, the resulting controllers are relatively 
insensitive to noise as control responses are only triggered by fixed 
S sensory patterns. Consequently, the control method has been widely
adopted for rehabilitation engineering applications, such as functional 
electrical stimulation (FES), and intelligent lower limb prosthetics and 
orthotics. However, such non-analytfcal approaches to locomotion and 
control modelling are achieved by simplifying gait characteristics into an 
10 applicable finite state model. Angular displacement records of both limb
segments and joints are in analogue form and are therefore descriptive of 
individual behaviours. They cannot be used directly to model locomotion.
Tomovic et al. ("The Study of Locomotion by Finite State models” Biological 
15 Cybernetics, volume 63,1990) describes a systematic finite state approach
to the modelling of locomotion. Tomoviô describes a method for the 
abstraction of locomotion phases according to locked (nonrotating), flexion 
and extension joint states derived from joint angular measurements. The 
resulting 3 state decimal coded representation (locked =0, extension =1, 
20 flexion = -1) of joint movements is not easily embedded or processed
electronically. The interpretation of joint behaviour is simplistic and results 
in a quasi-static interpretation of dynamic joint motions. Furthermore the 
inclusion of the locked state which separates flexion and extension 
enforces a sequential interpretation of joint movements. Popoviô ("Finite 
25 state model of locomotion for functional electrical stimulation" Progress in
Brain Research, volume 97. 1993) teaches encoding hip, knee and ankle 
joint angles In addition to thigh segment angles with respect to the gravity 
vector, according to locked, flexion and extension states as described 
previously. These coded inputs combined with other encoded sensory 
30 signals are processed using a preferential neural network to derive
invariant phases of locomotion.
The approach to gait phase detection described by Popoviô is difficult to set 
up, complex and computationally intensive compared to the use of state
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machine signal processing, and is not easily embedded into a practical 
system. The systematic approaches to motion description of Tomovic and 
Popoviô, rely on the instrumentation and characterisation of multiple joints 
and limbs in order to derive detailed phase descriptions of limb motion. In 
5 many prosthetic and orthotic applications it is not practically feasible to
instrument multiple joints and limbs due to the encumbering nature of the 
resultant sensor systems. As such the potential for deriving phases of 
motion is diminished.
10 A finite state/rule based approach to the control of orthotic and prosthetic
devices is described by Tomoviô and McGee ("A Finite State Approach to 
the Synthesis of Bioengineering Control systems” IEEE, Transactions on 
Human Factors In Electronics, Vol HFE-7, June 1966). A non-analytical 
means of selecting and triggering control responses according to 
15 identifiable sensory patterns. The paper describes a method of binary
encoding locomotion according to sequences of predetermined joint 
angular positions and heel/toe contact patterns.
The application of finite state machine-based motor control is also known 
20 from Bekey and Tomoviô ("Robot Control by Reflex Actions", Proceedings
of IEEE International Conference on Robotics and Automation, 1986). The 
control model is similar to the biological reflex, in which simple motor 
control actions are triggered by exteroceptive and proprioceptive sensory 
information. Replicating this type of control mechanism requires the 
25 mapping of sensory patterns to corresponding motor patterns. The
mapping is represented as an "If-then” rule in a knowledge data base. The 
control rules are initially formulated from expert knowledge. Intuition and 
guesswork, and are further refined by empirical testing.
30 According to a first aspect of the present invention, there is provided a
control system as set out in claim 1 appended hereto. Preferred features of 
the Invention Include those set out in the dependent claims. The invention 
is also directed to a lower limb prosthesis and a lower limb orthosis 
including such a control system.
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According to a second aspect of the invention, a method of analysing gait 
characteristics comprises the steps set out in claim 19 appended hereto..
The method disclosed in this specification performs finite state modelling of 
5 lower limb motion by coding limb segment interactions (CLSI). Kinematic
properties, for example angular velocities of limb segments, are used to 
derive a binary code representative of invariant states of locomotion. The 
code allows, for example, knee flexion and extension phases of gait to be 
identified in real time in terms of the rotational interactions of the thigh and 
10 shank segments. This non-deterministic method of phase characterisation
offers advantages over current gait/movement phase detection systems 
because, for instance, no sequences of phases are assumed to exist which 
othenwise would limit the analysis and control potential. The method 
described in this specification systematically abstracts analogue gait 
15 records into detectable invariant states. These states are defined according
to a plurality of joint/segment kinematic characteristics in such a manner 
that a useful number of meaningful states are derived which are valid for 
the entire range of possible movements, and which cannot coexist in real 
time.
20
As described earlier, subdivision of the gait cycle into phases, has also 
proved to be of value for the synthesis of prosthetic and orthotics control 
systems. Sensor systems that are able to detect gait phases in real-time 
have provided a means of creating intelligent orthotic and prosthetic 
25 devices. It is desirable to be able to select and regulate control responses
according to identifiable phases of gait. Control systems that are sensitive 
to the temporal characteristic of walking, are then adaptable to the users 
requirements improving the comfort and efficiency of gait.
30 The division of gait into phases has been Instrumental in developing our
knowledge of gait biomechanics. Description of gait in terms of sequential 
phases according to either temporal (early, mid, late) or functional (weight 
acceptance, push off) characteristics Is well known. While this knowledge 
is useful, it is not easily embedded into microprocessor based controllers.
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The sophistication of current controllers is limited by a low number of 
detectable states, particularly during swing phase. This is partly due to the 
limitations of current sensor technologies as well as difficulties in sensory 
signal processing and interpretation.
5
The main difficulty associated with the application of machine-based motor 
control as described by Bekey and Tomoviô (see above) is in the defining 
of reliable sensory patterns which can be detected in real time. This 
problem is compounded further as locomotion expertise is not available in 
10 explicit form. Synthesis of finite state gait phase detection and control 
systems can be excessively time-consuming. Considerable human 
expertise tends to be required in order to identify suitable triggering sensory 
characteristics within analogue sensory records. Consequently the resultant 
system performance may depend a great deal on the skill of the system 
15 designer. Difficulties arise as sensory patterns must be unambiguous and
identifiable in real time, furthermore considerable empirical testing may.be 
required to ensure triggering sensory patterns are robust to variable 
walking conditions. The ultimate control objective of a lower limb orthosis or 
prosthesis is the control of joint motions. This can be achieved by 
20 capturing combined sensory and motor patterns in a form which is
transferable to a controller. Finite state modelling of locomotion for control 
is mainly a machine based pattern recognition and matching activity.
In a preferred embodiment of the invention, the control system is adapted 
25 to detect and represent phases of motion that can be derived in real-time,
through use of appropriate software algorithms or electronically in a manner 
suitable for intelligent orthotic and prosthetic control applications.
Ankle function is known to change according to walking speeds and 
30 activities (e.g. level, stair, slope walking). An automated method for the real
time description and analysis of joint/limb motion fonns the basis for 
deriving control schemes to control an orthotic or prosthetic ankle joint 
according to changing walking conditions.
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Finite state models of locomotion derived from coded limb segment 
interactions (CLSI) are helpful in understanding the motor control strategies 
which contribute to joint angles and limb motion according to different 
walking conditions and may be applied to gait analysis and lower limb 
5 motor control.
The invention will now be described by way of example with reference to 
the drawings In which:
10 Figure 1 is a diagram showing the rotational interaction of constituent joint
segments contributing to joint behaviour (in tenhs of joint flexion and 
extension, faster rotating segments shown shaded);
15
20
30
Figure 2 is a diagram showing 3-bit Interaction coding using comparators:
Figure 3 comprises plots of thigh and shank angular velocities, relative 
knee joint angular velocity, knee angle, and binary word output values 
produced in first and second preferred embodiments of the invention;
Figure 4 is a flow diagram of a signal processing procedure used in a 
control system in accordance with the present invention;
Figure 5 comprises plots of thigh, shank and foot angular velocities, and 
binary word output values produced in a third preferred embodiment of the 
25 invention (according to knee flexion/extension, ankle plantarflexion/ 
dorsiflexion and thigh and shank segment directions of rotation); and
Figure 6 is a flow diagram of a signal processing and analysis procedure 
used in an alternative control system in accordance with the invention.
Lower limbs can be modelled as a pendulum chain with well-known 
anatomical constraints restricting the range of possible rotations. While 
segment motion exists in three planes, the control system described below 
characterises joint behaviour on the basis that the majority of limb motion
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exists in the sagittal plane. During walking joint positions are not fixed in 
space but move anteriorly and posteriorly with respect to each other at 
respective phases of the gait cycle. The system identifiesjoint flexion and 
extension phases using different rotational Interactions. Neighbouring limb 
5 segments can rotate In combinations of either counterclockwise (CCW) or 
clockwise (CW) directions. The associated joint Interaction between the 
segments can. therefore, be defined in terms of the rotational contributions 
of the linked segments.
10 Knee joint extension may occur by segments rotating in opposite directions,
the thigh clockwise (CW) relative to the hip and the shank counterclockwise 
(CCW) relative to the knee when viewed from one side, as shown in Figure
1. Viewed from the one side as shown In Figure 1, the thigh rotating
counterclockwise (CCW) and the shank clockwise (CW) results in joint
15 flexion. Two invalid interactions exist in that extension cannot occur with the
thigh rotating counterclockwise (CCW) and the shank rotating clockwise 
(CW). Similarly flexion cannot exist with the thigh rotating clockwise (CW) 
and the shank rotating counterclockwise (CCW). Flexion and extension 
states are also possible with the segments rotating in the same direction,
20 but with one segment rotating faster than the other. The resulting six
possible joint interactions are illustrated in Figure 1.
To resolve interaction type in real time, the direction of segment rotation is 
determined and the faster rotating segment is identified. Analytical methods 
25 are not required. For example, the direction of segment rotation can be
deduced by the sign of the angular velocity (angular velocities greater than 
zero being counterclockwise, less than zero being clockwise). Zero angular 
velocity forms a natural threshold which does not restrict data 
interpretation. The identification of rotational direction can be achieved 
30 from, for example, appropriate software algorithims or electronically using a
system of discrete comparators. As it is only necessary to identify direction 
of rotation and the faster rotating segment, the signal processing can be 
achieved electronically in real time using a system of discrete comparators, 
as will be described in more detail below.
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Figure 2 shows how the method implemented in a circuit, a#. Osh are 
angular velocities of thigh and shank segments respectively. The angular 
velocities are represented by sensor signals which are fed from inputs 10,
5 11 of the comparator circuitry to a plurality of comparators 12, 13, 14. A
first comparator compares the two angular velocity signals to produce a first 
output as the most significant bit (MSB) 16A of a binary word output 16. 
This MSB is 1 or 0 depending on whether the angular velocity of the thigh 
segment is greater than or less than that of the shank segment. The 
10 angular velocity of the thigh segment and shank segment are compared to
zero by comparators 13 and 14 respectively. These produce intermediate 
and least significant bits (LSB) 168,16C of the binary word 16 according to 
whether the respective velocity is positive or negative.
15 In order for a controller to identify interaction in real time it is necessary to
represent interactions in a form which can be easily interfaced with control 
hardware. This is achieved by encoding interactions into binary values, as 
described above. The digital output from the comparators makes this 
relatively straightforward. For example the six joint interactions described 
20 previously (Figure 1) can be described using the 3-bit binary code word 16,
resulting in a possible 8 states, two of which are invalid joint interactions as 
stated earlier. To simplify later code processing, the comparator output to 
the MSB 16A in this example is used for segment signal comparison. This 
means that for a 3-bit code any code value above or below 4 can be 
25 immediately identified as joint flexion or extension respectively. The
remaining intermediate bit 16B and LSB 16C denote the directions of 
rotation for the thigh and shank segments respectively. An example truth 
table detailing, rotation states, sensory conditions and binary assignments 
is shown below in Table 1.
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J o i n t  I n t e r a c t i o n
E x t e n s i o n
T h i g h S h a n k C o
C o n d i t i o n
(«thy) (®sh) d e
®tthy<Ojih , 0
C W C W CtfJjy < 0 ,  ClsJj 0
< 0 0
^  Ctsh » 0
C W C C W «thy < 0 , 0
> 0 1
^thy ^  Osh j 0
C C W C C W Ofhy > 0 ,  Qsh 1
> 0 I
F l e x i o n
Othy ^  Ctsh > 1
C W C W athy< 0 ,O tsh 0
< 0 0
Ot|hy ^  Osh j 1
C C W  . .. C W «thy > 0 ,  ttsh 1
< 0 0
Clthy^ Ctsh » 1
C C W C C W ®thy ^ 0 ,  Ctsh 1
> 0 1
Table 1: Example truth table summary of possible segment interactions, sensory 
conditions and binary assignments. Oihy.Osh are angular velocities of thigh and 
shank segments respectively.
240
Appendix D
wo 2006/024876 PCT/GB2005/003419
The binary representation can be extended further by adding an extra bit to 
describe joint angular acceleration. However, relative joint angular velocity 
is a bipolar signal, and, therefore, the resulting acceleration joint state must 
5 be considered appropriately in terms of joint flexion and extension.
The coding method applied to a normative data record is presented in 
Figure 3. The method presented is Implemented without assuming the 
existence of predefined ranges or states within the analogue data record.
10 The interpretation of gait is not specific to any one type of activity. This
method could also be used for the analysis of other walking motions. The 
coding strategy presented compares favourably with previous finite state 
modelling strategies, in that a greater number of states has been 
abstracted, and the interpretation of gait is not restricted by presumptions.
15 The coding strategy accounts for all possible thigh and shank interactions
and is derived directly from gait kinematics. The possibility therefore exists 
to use the method in more general gait analysis applications.
Adopting a non-analytical approach to control makes numerical analysis of 
20 data redundant; however, characterisation into states is still required.
Human gait is a dynamic motion. It is not inappropriate, therefore, to 
describe it in terms of velocity and acceleration. The CLSI method results in 
the siniultaneous invariant representation of multiple segment rotations. • 
The method is descriptive of the motor strategies/synergies used to achieve 
25 the joint angles which orientate the limb in space. The code transitions are
directly descriptive of kinematic changes and, therefore, have some value 
in the planning of motion executions and the synthesis of motor control 
rules. CLSI strategies as presented are capable of converting analogue 
data records into digital codes in real time. Knowledge pertaining to the 
30 significance of the code states and sequences are easily built into control
algorithms. The controller identifies perturbations and predicts gait phases 
from a built in knowledge base of code sequences and transition timings.
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Referring to the flow diagram of Figure 4. in an exemplary process 
performed by the preferred control system In accordance with the invention, 
kinematic measurements are firstly made 21 in order to determine directly 
or derive joint and/or segment angular records. These records may include 
5 angular displacement, angular velocity and angular acceleration In all three
planes, although the description herein is limited to sagittal motion. The 
kinematic measurements 21 may also include sensor signals from which it 
is possible to determine direction of segment rotation. A plurality of sensory 
measurement systems may be used which may include and is not limited to 
10 gyroscopes, accelerometers, tilt sensors and opto-electronic camera
system, or a combination of these. Direct measurement of the motion of a 
given limb segment is made by means of such a sensor mounted on the 
segment itself. Derived measurements can be obtained from a sensor on 
another limb segment. The kinematic measurements 21 are processed and 
15 categorised by a binary (2-state) processing phase 22. The binary
processing phase 22 consists of a plurality of kinematic parameter 
comparators K1, K2, K3 arranged in parallel. Additional kinematic 
parameter comparators can be added to the array of existing kinematic 
parameter comparators K1, K2, K3 Indefinitely, to incorporate kinematic 
20 measurements from any other part of the body, e.g. ankle, hip, trunk, etc.
Comparative states are defined in such a fashion that at least one of each 
of the individual comparator parameter states must exist at any time. The 
kinematic parameter state conditions are defined unambiguously so that 
states cannot coexist. The kinematic parameters examined are not limited 
25 and may include any two descriptive states for example:
- Joint flexion/ Joint extension
- Joint abduction/ Joint adduction
- Joint external rotation/ Joint internal rotation
30 - Joint angular-acceleration/ Joint angular-deceleration (i.e., sagittal,
transverse and frontal planes)
- Clockwise segment direction/ Counter-clockwise segment direction (i.e. in 
3 planes)
- Single measurement threshold value - above/below
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Each of the kinematic parameter comparators, K1, K2 and K3 are non- 
analytical processing element and the comparison Is analogous to 
determining the truth of a sensor (kinematic property) condition. At the 
5 comparison stage 22 the kinematic parameter comparators K1, K2, K3 may
operate synchronously or asynchronously and are able to determine
kinematical parameters by, for example, comparing the kinematic 
measurements 21 with predefined threshold values (e.g. zero crossings) or 
with other sensory measurements. The kinematic parameter comparators 
10 22 are discrete and are able to operate independently from each other.
The kinematic parameter output states are given an arbitrary binary 
assignment B1, 82 and 83 in a combination stage 23 where they are 
combined to produce a binary word 16. It will be understood by a person 
skilled in the art that the binary word 16 identifies a unique set of states,
15 othenwise termed ‘phase of motion’. In the present example there are six
states, as shown, although there would be more if further kinematical 
parameters are employed.
The process described with reference to Figure 4 is repeated at intervals of 
20 for example 1 millisecond to produce a continuous gait analysis, which may
be termed a movement phase description. Referring again to Figure 3, 
such a movement phase description can be seen as plot A, which is 
derived from the Segment Angular Velocities as input data also shown in 
Figure 3. In this example, joint flexion/extension is derived from both of the 
25 constituent segment rotational directions and magnitudes.
This non-analytical method of motor control is computationally less 
demanding than other classical control methods, however identifying gait 
characteristics is still required. Human gait appears as repeating patterns of 
30 oscillatory trajectories. It is therefore appropriate to describe gait patterns in
terms of angular velocity and acceleration. The CLSI code transitions are 
detectable in real time, directly descriptive of kinematical changes and may 
be used for planning motion executions. The CLSI method results in a
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binary code which can be easily interfaced with ancillary control hardware. 
The controller Is able to identify perturbations from a built-in knowledge of 
CLSI code sequences and transition timings, which can be used in the 
synthesis of prosthetic and orthotic control processes.
5
Further phases of Joint motion may be categorised according to the 
following parameters:
’ ■ Directions of rotation of both constituent joint segments
10 ■ Joint flexion/extension + 1 constituent segment direction of rotation
■ Directions of rotation of both constituent joint segments + joint angular 
acceleration/deceleration
• Joint flexion/extension + 1 constituent segment direction of rotation +
joint angular acceleration/deceleration
15 ■ Joint flexion/extension + both constituent segment directions of rotation
+joint angular acceleration/deceleration.
A resulting (4-bit) movement phase description of this embodiment is 
illustrated in Figure 3 as plot B.
20
Additional Kinematic parameters may be included in a single joint 
description, these may include, for example:
• Joint flexion/extension.
25 • Joint abduction^oint adduction.
■ Joint external rotation/joint internal rotation.
■ Joint angular acceleration/deceleration. (Le. in sagittal, transverse, 
frontal planes)
■ Segment rotational directions clockwise/counter clockwise (i.e. In
30 sagittal, transverse, frontal planes).
■ Segment angular acceleration/deceleration (i.e. in sagittal, transverse, 
frontal planes).
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A resulting movement phase description is illustrated in Figure 5. The 
description appears as plot C which includes phases defined according to 
knee flexion/extension, ankle plantarflexion/dorsiflexion and thigh and 
shank directions of rotation, as will be seen by comparing plot C with the 
5 angular velocities of the shank, thigh and foot plotted immediately above in 
Figure 5.
To those skilled in the art it should be apparent that the kinematic 
parameters processed by the comparators K1, K2, K3 are weighted 
10 according to the positions of their respective output bits B1, 82, B3 within 
the binary word 16. The position a particular parameter bit takes within the 
word is arbitrary and is not restricted to any format, although certain 
arrangements may simplify later code processing. While analogue sensor 
signals are supplied to the kinematic parameter comparators 22 a 
15 continuous binary description of motion is produced in real-time. As the
binary code changes according to changing movements, it is possible to 
identify any changes in the kinematic parameters either from the position 
of changing bits or from changes in the numerical value of the binary 
description word in the movement phase description. The parallel state 
20 processing architecture described above with reference to Figure 4 offers a
systematic means of characterising movement according to a plurality of 
kinematic parameters. This has an advantage over the majority of 
previously disclosed phase description systems, where deterministic 
sequential state machines are used to detect assumed phases sequences.
25 An entirely sequential approach to gait phase description and detection
limits analysis and control potential.
A further process which may be used in a control system in accordance 
with the invention is now described with reference to Figure 6. In this case 
30 the measurement, comparison and word formation steps are performed as
described with reference to Figure 4. The binary coded movement 
description represented by the changing binary word 16 provides a 
framework for a gait phase detection step 24 and a further analysis step 25.
In these steps, state machines are used to identify singular binary code
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transitions or particular sequences of coded phases. The kinematics and 
kinetics of walking are known to change according to varying walking 
activities and speeds. In many lower limb motor control applications it is 
desirable to be able to able to detect changing kinematic and/or kinetic 
5 parameters according to changing walking speeds and activities. Software
algorithms may be used to automate further levels of analysis which may 
include examining kinematic and/or kinetic parameters at code transitions 
and/or over selected phases. These parameters (i.e. in 3 planes) may or 
may not be analysed 25 with respect to code transition timings and may 
10 include for example and are not limited to:
At code transitions:
■ Joint angles - angle, angular velocity, angular acceleration
■ Segment - angle, angular velocity, angular acceleration
15 ■ Segment Tangential/radial - acceleration, velocity, displacement
■ Segment/joint bending moment 
" Plantar pressure/force
■ Joint segment mechanical energy (kinetic translational and rotational, 
potential and elastic)
20
Over selected phase/s
■ Electromyography (EMG) muscle activity
Over selected phase/s, differences in (calculated increase/decrease):
25 ■ Joint angles - angle, angular velocity, angular acceleration
■ Segment - angle, angular velocity, angular acceleration
■ Segment tangential/radial - acceleration, velocity, displacement
■ Segment/joint bending moment
■ Plantar pressure/force
30 ■ Joint segment mechanical energy (kinetic translational and rotational,
potential and elastic)
Over selected phase/s, integrals of:
■ Joint - angle, angular velocity, angular acceleration
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• Segment - angle, angular velocity, angular acceleration
■ Segment tangential/radial - acceleration, velocity, displacement
■ Segment/joint bending moment
■ Plantar pressure/force
5
The processes described above are embedded into microprocessor control 
architecture and software. Limb or joint motion is modelled at different 
walking speeds and activities (level, slope, stair, cycling, running, etc.). 
These models form the basis of a 'Biomechanical knowledge' that is 
10 embedded into the control system. The embedded models may include
code sequences, transition timing, and/or other measured. or derived 
parameters, relating to codes transition/s and/or phase/s as described in 
the analysis step 25 of the process shown in Figure 5. These models for 
comparison are used in the control system in order to adjust control 
15 responses according to changing walking speeds and activities. The code
transitions themselves are used directly to regulate the execution of control 
responses.
To those skilled in the art it may be apparent that changing code sequence 
20 patterns and/or associated transition/phase derived parameters may form
the basis of defining fuzzy sets/phases. Fuzzy logic systems provide a 
means of dealing with the uncertainty and imprecision of sensory 
measurement and are analogous to human reasoning. Fuzzy sets/phases 
can be mapped to a fuzzy set of control parameters using a set of rules.
25 Incoming sensory measurements and/or derived parameters can be
compared to embedded fuzzy models and a degree of fuzzy
set/phase/parameter membership calculated. A rule-based mapping
algorithm is used to map the fuzzy input to a fuzzy output/control 
parameter. Such an approach may provide a means of adjusting control 
30 parameters and responses.
The skilled person will also be aware of the relevance of the invention in 
the field of computer animation and gaming, as well as its application to the 
control of robotic and bionic machines.
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CLAIMS
1. A control system for a lower limb prosthesis or orthosis, comprising a 
plurality of sensors for generating electrical sensor signals representative of
5 kinematic parameters relating to the motion of limb segments of the 
prosthesis or orthosis, an electronic processing circuit including a 
comparison stage for comparing the kinematic parameters with each other 
or with respective reference values and outputting corresponding binary 
state values, and a combination stage in which the binary state values are 
10 combined to produce a binary word representing a phase of motion.
2. A control system according to claim 1, wherein the comparison and
combination stages are arranged to perform the said comparing and
combining operations repeatedly to produce a sequence of the said binary
15 words which sequence represents a limb movement description
comprising a series of unique gait phases each represented by a 
respective said binary word.
3. A control system according to claim 1 or claim 2, wherein the sensors 
20 and the processing circuit are arranged to produce binary state values for
at least two kinematic parameters each relating to the motion of a 
respective limb segment of the prosthesis or orthosis.
4. A control system according to claim 3, wherein the kinematic
25 parameters include a first parameter representative of the motion of a thigh
segment and a second parameter representative of the motion of a shank 
segment.
5. A control system according to claim 4, wherein the kinematic
30 parameters include a third parameter representative of the motion of a foot
segment.
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6. A control system according to any preceding claim, wherein the 
comparison stage Is arranged to compare a first kinematic parameter with a 
second kinematic parameter to produce a first binary state value, and to 
compare at least one of the kinematic parameters with, a zero reference
5 value to produce a second binary state value Indicative of the polarity of the
parameter.
7. A control system according to claim 6, wherein the first and second 
kinematic parameters are angular velocities and the first binary state value
10 is indicative of joint flexion and extension,
8. A control system according to claim 6 or claim 7, wherein the first 
binary state value forms the most significant bit (MSB) of the binary word.
15 9. A control system according to any of claims 1 to 5, wherein the
comparison stage is arranged to compare a first kinematic parameter with a 
second kinematic parameter to produce a first parameter state value, to 
compare the first kinematic parameter with a predefined threshold value to 
produce a second parameter state value, and to compare the second 
20 kinematic parameter with a predefined threshold value to produce a third
parameter state value, the combination stage being arranged to form the
binary word from the first, second and third parameter state values, the
word having at least three bits.
25 10. A control system according to claim 9, arranged to measure a third said
kinematic parameter, and wherein the comparison stage is arranged to 
compare the third kinematic parameter with a threshold value to produce a 
fourth parameter state value, the combining stage being arranged to 
combine the fourth parameter state value with the first to third parameter * 
30 state values to form a binary word of at least four bits.
11. A control system for a lower limb prosthesis or orthosis comprising a 
sensor arrangement for producing sensor outputs representative of at least 
one kinematic parameter relating to the motion of a segment of the
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prosthesis or orthosis, and an electronic processing circuit arranged to 
perform a non-deterministic process of gait phase characterisation to 
produce a digital movement description as a senes of signal words 
representing successive movement phases which are characterised 
5 according to a common set of kinematic parameters.
12. A control system according to claim 11, wherein each signal word
represents a unique gait phase.
10 13. A lower limb prosthesis including a controKer for controlling Joint
motions, and a control system according to any preceding claim, wherein 
the controller is coupled to the control system to receive said binary or 
signal words and to generate control responses thereto.
15 14. A lower limb prosthesis including a control system according to any of
claims 1 to 12, the control system further including a knowledge base 
representing models of different limb activities and being arranged to use 
the models for comparison and to adjust control responses according to 
changing walking speeds and/or activities.
20
15. A prosthesis according to claim 14, wherein the models each comprise 
a respective sequence of the said binary words.
16. A lower limb orthosis including a controller for controlling Joint motions,
25 and a control system according to any preceding claim, wherein the
controller is coupled to the control system to receive said binary or signal 
words and to generate control responses thereto.
17. A lower limb orthosis including a control system according to any of 
30 claims 1 to 12, the control system further including a knowledge base
representing models of different limb activities and being arranged to use 
the models for comparison and to adjust control responses according to 
changing walking speeds and/or activities.
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18. An orthosis according to claim 17, wherein the models each comprise a 
respective sequence of the said binary words.
19. A method of analysing gait characteristics comprising the steps of;
5 receiving kinematic measurement data, said kinematic measurement data
comprising at least one kinematic parameter representing the motion of a 
part of the body,
comparing said at least one kinematic parameter with a threshold value, 
outputting at least one kinematic parameter state value, said parameter 
10 state value being one of two values , in dependence on the result of said
comparison,
the method being characterised by the step of combining the at least one 
parameter state values to produce a binary word, said binary word 
representing a unique gait phase.
15 20. A method of analysing gait as claimed in claim 19 wherein,
a first kinematic parameter is compared to a second kinematic parameter to 
produce a first parameter state value,
said first kinematic parameter is compared to a predefined threshold value 
to produce a second parameter state value.
20 said second kinematic parameter is compared to a predefined threshold
value to produce a third parameter state value and wherein 
the binary word is formed from said first, second and third parameter state 
values.
25 21. A method of analysing gait as claimed in claim 20 wherein,
a third kinematic parameter is measured and compared to a threshold
value to produce a fourth parameter state value and said fourth parameter 
state value is appended to said binary word.
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LOWER LIMB PROSTHESIS AND CONTROL UNIT
5 This invention relates to a self-teaching lower limb prosthesis including a dynamically 
adjustable joint movement control unit arranged to control operation of the joint 
automatically.
It is known from British Patent Application No. 2280609A to provide a lower limb prosthesis 
10 with a dynamically adjusting control system for controlling the movement of a shin part of 
the prosthesis about a knee axis on a th i^  part of the prosthesis according to the amputee’s 
speed of locomotion. A pneumatic piston and cylinder device coupled between the thigh part 
and the shin part has a motor-driven valve which alters the resistance of the device to 
movement at the knee joint in response to command signals fiom an electronic control circuit 
15 deriving input signals from a transducer mounted on the control device, the repetition rate of 
the input signals being representative of the speed of locomotion, particularly the step period 
during walking.
The control circuit includes a radio receiver for receiving command signals JBrom a remote 
20 control transmitter operated by a prosthetist, a processor for processing the command signals 
and the transducer signals, and a memory for storing a map of valve settings against 
locomotion speed ranges. The processor has a teaching mode whereby the amputee is asked 
to walk at a particular speed and the system is “taught” by the prosthetist inasmuch as the 
prosthetist causes the valve to be adjusted under remote control in real time while the 
25 amputee is walking until the best gait is obtained. The same process is performed at different 
walking speeds and the prosthetist selects a valve setting for each i^eed which, in his or her 
opinion, appears to produce the best walking gait. These valve settings are stored at the end 
of a teaching session. In a playback mode of the processor, signals corresponding to the 
stored valve settings are fed to the motor-driven valve automatically according to tlie speed at 
30 which the amputee walks.
The above system has yielded notable improvements in gait for above-knee amputees due to 
its adaptation of resistance to knee joint movement to different settings suiting different 
walking speeds rather than relying on a fixed resistance setting for all walldng speeds. These
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improvements have been achieved without requiring raccessively lengthy sessions with the 
prosthetist.
A sclf-teaching lower limb prosthesis is disclosed in Litemational Patent Application No. 
5 W099/44547. This includes a dynamically adjustable loiee movement control unit which
controls either or both of flexion and extension of the knee joint automatically in response to 
a sensed step-to-step variability of at least kinetic or kinematic parameter of locomotion. The 
sensed variability is an electrical signal value representative of the degree of variation of the 
parameter measured during each of a number of steps taken by the amputee, the parameter 
10 being measured during each step which is within a predetermined range of locomotion, such
as a particular walking speed range. Speeds of walking or running as speed ranges may be 
determined by measuring the repetition rate or the average step period of a walking or 
running cycle, each cycle extending, for instance, from heel contact to heel contact through 
stance phase and swing phase.
15
30
It is an object of the present invention to pro\ide an alternative sclf-tcaching prosthesis.
According to a first aspect of the invention a sclf-teaching lower limb prosthesis for an above 
knee amputee includes a dynamically adjustable knee movement control unit arranged to 
20 control flexion and/or extension movements of a knee joint of the prosthesis. A control unit
electrically stores a target relationship between a kinetic or kinematic parameter of 
locomotion and walking speed, the relationship defining a plurality of values of the parameter 
associated with different respective walking speeds. The control unit also includes a 
monitoring system which generates monitoring signals repr^entative of walking speed 
25 values and values of the parameter occurring during use of the prosthesis at different walking
speeds. An adjustment system adjusts the control unit automatically when the monitoring 
signals indicate deviation of tlie parameter from the target relationship so as to bring the 
parameter closer to a value defined by the target relationship for the respective walking 
speed.
Typically, the adjustment is made on the basis of monitoring signals from several steps, the 
deviation being a mean value, for instance. In the preferred embodiment of the invention, 
speeds of locomotion arc defined by step cycle periods, and the terms “cycle period”, and 
“walking speed” (or “speed of locomotion”) are used interchangeably in this specification as
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related to quantities. Iterative adjustment of the control unit setting is preferred so that the 
monitored parameter approaches successively closer to the target parameter value using, for 
each adjustment, one or more parameter values measured in respect of cycle periods within a 
relevant walking speed region. Such a region is, preferably, one of several contiguous 
5 regions which together constitute a range of speeds or step period values likely to be
encountered.
In the prefen-ed prosthesis, the control unit includes a damper for damping flexion of the knee 
joint, the damping being variable by the adjustment system. In particular, the damper may be 
10 a pneumatic piston and cylinder assembly coupling upper and lower limb components which
are joined together by the knee joint, the piston and cylinder assembly having a motor driven 
valve for varying the area of an orifice through which air passes as the piston moves in the 
cylinder in response to knee flexion, the valve thereby offering variable resistance to the 
flexion movement.
15
The control unit preferably performs a preliminary calibration routine in which the 
adjustment system is operated to set the control unit to a calibration setting at which the unit 
has a predetermined resistance to flexion and/or extension movements of the knee joint, the 
cahbration routine including operating a monitoring system and the electronic storage device 
20 during a walking test to derive an optimum value of the kinetic or kinematic parameter and an
associated optimum walking speed value. These values can then be used to define the target 
relationship.
One particular parameter of locomotion which the applicants have successfully used is a ratio 
25 of the flexed state duration and the extended state duration. In particular, this ratio may be 
the ratio of the time during which, in a walking cycle period, the knee joint may be regarded 
as being in a flexed state and the time in which, during the cycle period, the knee joint may 
be regarded as being in an extended state. Transitions between the flexed state and the 
extended state may be sensed by setting one or more knee angle threshold values.
30
It will be appreciated that there are related parameters which may be used instead, such as the 
duration of the flexed state as a proportion of the total cycle period, as well as other 
tlireshold-crossing knee angle functions. Indeed, the inverse ratio or proportion may be used.
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It is also possible to use, for instance, the maximum knee angle, or a period during which die 
knee angle exceeds a predetermined value, and so on, as the kinetic or kinematic parameter.
The prosthesis can be self-teaching at all times, but it is preferred that self-teaching only 
5 occurs when a self-teaching mode is selected, e.g. by operation of a switch or on detection of
a special sequence of movements of the prosthesis. The self-teaching mode may include the 
calibration routine as an option.
During the self-teaching mode, the control unit may be operated to store electrical signals 
10 representative of control unit settings, e.g. damper resistance settings, at different respective
walking speeds, which settings are derived from the automatic adjustments made by the 
adjustment system to bring values of the kinetic or kinematic parameter closer to the target 
relationship. The monitoring system and the adjustment system are operable in the playback 
mode respectively to generate real time signals representative of the walking speed and to 
15 cause the control unit to be adjusted to the control unit settings in accordance with the 
generated real time walking speed signals.
Convergence of the parameter to a value defined by the target relationship may be performed 
by the monitoring system and the adjustment system conjunctively by adjusting the control 
20 unit automatically and successively in an iterative manner. Preferably this process is 
performed for each of a plurality of walking speeds to bring the parameter to an optimum 
value for each respective walking speed, the resulting control unit settings being stored as a 
series of values against respective walking speed values, c.g. as a look-up table.
25 Tlic tmrgct relationship preferably comprises a function relating the above-mentioned ratio 
(the ratio obtained by dividing the flexed state duration by the extended state duration) to a 
walking cycle period, the function being such that the ratio decreases as the cycle period 
increases. Such a function, when plotted in a cartesian coordinate system, is typically in tlie 
forai of a lino, the gradient of which decreases with increasing cycle period. The line may be 
30 a curve, or it may be a line having interconnected strai^t line portions, the line passing 
through a point representing the above-mentioned optimum parameter value and optimum 
walking speed value. The gradients of the line arc preferably derived from trials with a 
number of amputees in which samples of the ratio are accumulated and recorded at different 
walking speeds.
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Speeds of locomotion may be defined by a plurality of speed regions or step period regions 
(one being the reciprocal of the other) stored in the control unit When the prosthesis is 
operated to perform a self-teaching routine in each speed region, the parameter is brought 
5 closer to a respective vdue for that speed region as defined by the target relationship. This 
process may include a comparison of the values of the parameter as represented by the 
monitoring signals occurring at times of acceleration and/or deceleration with parameter 
values defined by the target relationship, the adjustment system being caused to adjust the 
control unit setting, c.g. damping resistance, in response to deviations from the target 
10 relationship with exceed a predetermined deviation magnitude or factor.
In a particularly preferred embodiment, the speed regons are, themselves, dynamically and 
automatically variable in response to the monitoring signals representative of walking speed 
values. In this way, it is possible to tailor the speed regions to the amputee’s preferred range 
15 or distribution of walking speeds.
In accordance with another aspect of the invention, a self-teaching lower limb prosthesis for 
an above-knee amputee includes a dynamically adjustable knee movement control unît 
arranged to control flexion and/or extension movement of a knee joint of the prosthesis 
20 according to speed of walking, settings of the control unit for different walking speed ranges
being obtained by comparing values of a sensed kinetic or kinematic parameter of locomotion 
with target values of the parameter reqjcctively associated with the walking speed ranges, 
and wherein the boundaries between neighbouring walking speed ranges are dynamically 
adjustable in response to the distribution of measured walking speed samples within the 
25 ranges thereby to adapt the ranges to the walking characteristics of the amputee.
When the control unit is operated in a self-teaching mode and a playback mode, the self- 
taught walking speed ranges may be used to derive walking speed boundaries which are 
stored in conjunction with control unit settings so that, in the playback mode, the control unit 
30 is adjusted to a selling corresponding to a measured walking speed as determined by the
stored relationsliips, in order that the kinetic or kinematic parameter of locomotion is close to 
or coincident with the target value associated with the measured walking speed.
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The speed of walking may be defined according to a number of non-overlapping speed 
regions which maybe designated “slow”, “medium” and “fast”, the stored data associating a 
control unit setting for each range which has been determined by means of the self-teaching 
process referred to above.
5
The disclosure which follows refers to a lower limb prosthesis which automatically reacts to 
measured flexed state/extended state ratio values dynamically to adjust the control unit and 
which, thereby, affects the flexion and/or the extension of the knee joint, hi this way, it is 
possible to provide a self-teaching adaptive control system for a  lower limb prosthesis, the 
10 system measuring the variation of one or more kinetic or kinematic parameters associated 
with tlie dynamic operation of the limb, and automatically processing the parameter 
measurements to bring them closer to the target relationship referred to above using an 
iterative procedure in order to achieve an optimum locomotion characteristic.
15 The monitoring system may comprise the combination of transducer elements operating as a 
knee angle sensor and a programmed a microcontroller. The programmed microcontroller 
and a drive system for a valve in a piston and cylinder device may constitute the adjustment 
system.
20 The invention will now be described by way of example with reference to the drawings in 
which:-
Figure 1 is a partly sectioned side elevation of part of a lower limb prosthesis incorporating a 
flexion control device and electronic control elements;
25
Figure 2 is a block diagram of a prosthesis control system in accordance witli the invention,
Figure 3 is a graph showing the variation of knee angle during a walking cycle;
30 Figure 4 is a graph plotting the relationship between (a) a flexed state and extended state ratio 
and (b) step period;
Figure 5 is a diagram showing the derivation of locomotion speed boundaries for control unit 
setting;
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7
Figure 6 is a program overview flowchart;
Figure 7 is a flowchart for a calibration routine;
Figure 8 is a flowchart for a self-teaching routine;
Figure 9 is a flowchart for a first control unit setting routine; and
10 Figure 10 is a flowchart for a second control unit setting routine.
A lower limb prosthesis in accordance with the invention is shown in Figure 1. The 
prosthesis has a knee joint 10 with a knee pivot 12 connecting a thigh component 14 to a shin 
component 16. Tlie thigh component comprises a knee chassis 14A, an alignment device 
15 14B, and a stump socket 14C. The shin component 16 has a conventional carbon fibre
reinforced plastics shin cradle 16A wMch houses a piston and cylinder assembly 18 acting as 
a flexion control device to form part of a control system. The assembly 18 comprises a 
cylinder ISA which is pivotally coupled to the posterior part of the shin cradle 16A, and a 
piston 18B having a piston rod 18C which is pivotally coupled to the knee chassis 14A. Hie 
20 piston and cylinder assembly 18 is a pneumatic device, the resistance to flexion of the knee 
joint being controlled by a needle valve 18D which is adjustable by an electrical stepper 
motor 20 and an associated screw-threaded shaft 20A connected to the needle member of the 
needle valve. A d.c. motor may be used as an alternative to a stepper motor. The needle 
valve ISD lies in a passage ISE in the body of the cylinder ISA, the passage ISE 
25 interconnecting the cylinder interior spaces 18F, 18G on opposite sides of the piston I8C and 
emerging at a port 18H in the wall of the cylinder. Operation of the motor 20 causes the shaft 
20A to move axially so that the needle member moves into or out of a passageway forming 
part of passage 18E.
30 The passage 18E constitutes a first bypass passage interconnecting the cylinder spaces on 
opposite sides of the piston 18C. A second bypass passage 181 incorporating a valve such as 
a one-way valve 18J is formed in the piston ISC so that the needle valve 18D is effective 
only on one stroke of the piston, in this case the stroke corresponding to increasing flexion of 
the knee joint 10. The one-way valve 18J may be arranged so as not to close off the second
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bypass passage 181 completely on the increasing flexion stroke, but rather merely to reduce 
the orifice area through the piston 18C. Such an arrangement has the effect of the needle 
valve 18D determining the resistance to motion of the piston 18C in both directions, i.e. for 
increasing and decreasing flexion, but with the effect of variations in the orifice area of the 
5 needle valve 18D being greater in one direction than the other, depending on the direction of 
operation of the valve 18J.
It is also possible to include a one way valve in tlie passage communicating with port 18H. 
The stepper motor 20 and its threaded shaft 20A are mounted in the body of the cylinder 18, 
10 preferably adjacent the pivotal coupling 21 of the cylinder 18 to the shin 16.
The stqpper motor is driven by a microcomputer which forms part of an electronic circuit 
assembly 22 and is part of the control system. The microcomputer determines knee flexion 
and extension movements by means of a magnetic proximity sensor comprising a first part, 
15 preferably a transducer 24A, mounted in or associated with the cylinder body ISA, and a 
second part, preferably a permanent magnet 24B, mounted on or associated with the piston 
18B. As an alternative, for instance, transducer 24A may be mounted on a printed circuit 
board constituting the electronic circuit assembly 22 which is, in turn, associated with 
cylinder 18. The electronic circuit assembly 22 and the stepper motor 20 arc powered by 
20 batteries, one of which is shown in Figure 1 and indicated by the reference 26.
The electronic circuit assembly 22 is shown in more detail in Figure 2. More particularly, the 
circuitry comprises a processor circuit 32 which receives transducer signals via input 34 and 
controls the stepper motor 20 via output 36. A non-volatile memory in the form of an 
25 EEPROM 38 stores walking speed and valve setting data produced by the processor circuit 
32, and writes such data to the processor circuit 32 when required.
The processor circuit 32 includes an output driver for driving the stepper motor 20 which in 
turn moves the needle valve 18D, and it has an input for receiving signals from the flexion 
30 sensor 24 comprising transducer 24A and magnet 24B (See Figure 1).
Signals received from transducer 24A can be interpreted by measuring their width, 
magnitude, and repetition rate to derive values for the step cycle period (the reciprocal of the 
walking speed), and the degree of flexion of the knee, herein termed the “knee angle".
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Referring to Figure 3, during a noimal walking cycle the knee angle, i.e. the degree of flexion 
of the knee joint of the natural limb follows a curve having two knee angle maxima Ml, M2. 
If tlie beginning of the walking cycle is regarded as being the point at which the heel strikes 
5 the ground (the left hand side of the graph of Figure 3), it will be seen that the knee joint
flexes progressively during the stance phase to reach the stance phase knee angle maximum 
Ml and then extends and flexes again before reaching the toe-off point TO which marks the 
end of the stance phase and the beginning of the swing phase. During the swing phase, the 
knee angle continues to increase, reaching a swing phase knee angle maximum M2 
10 approximately in the middle of the swing phase. The knee joint then progressively extends,
reacliing a minimum knee angle at or just before the next heel strike HS. It will be noted that 
the swing phase knee angle maximum M2 is much greater than the stance phase knee angle 
maximum Ml,
15 It has been established that as walking speed varies, the optimal swing resistance of a lower
limb prosthesis for an above-knee amputee also varies. It follows that, for a given swing 
resistance, the amputee has a preferred walking speed. In practice, the amputee, through 
biomechanical effort, has the dominating influence over the duration of the stance phase 
whereas the mechanical swing resistance of the prosthetic knee has greater influence over the 
20 duration of the swing phase. It follows, that for a given swing resistance setting, the stance
phase duration is reduced with increased walking speed, whereas the swing phase duration 
remains almost constant or exhibits only a slight reduction. This effect has been observed 
during amputee trials. On this basis, it is predicted that, with a properly adjusted prosthesis, 
the ratio of the swing phase duration to the stance phase duration increases as walking speed 
25 increases.
Referring again to Figure 3, it can be seen that an approximation to the swing phase to stance 
phase ratio can be provided by the ratio of a knee flexed state duration to a knee extended 
state duration. The ratio can be expressed as F/B where F is the flexed state duration as 
30 measured by the time interval between the knee angle, firstly, reaching a first knee angle
tlireshold TI and, secondly, dropping below a second knee angle threshold T2. E is the 
extended state duration which is the remainder of the cycle period, i.e. the time between 
crossing the second threshold and crossing the first threshold Tl again.
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10
It is assumed that, for each swing resistance setting, an amputee will have an optimal walking 
speed and F/E ratio. At a given swing resistance setting, walking speeds above the optimum 
give rise to a higher F/E ratio and, conversely, slower walking speeds result in a lower F/E 
ratio.
5
Consequently, the F/E ratio can be used as a means for determining whether to increase or 
decrease swing resistance if it deviates from a predetermined optimum value for a given 
walking speed.
10 The conclusions reached above are illustrated in the graph of Figure 4 which relates F/E ratio
to the step cycle period (which is the reciprocal of walking speed). Trials conducted with a 
number of amputees have shown that for a given swing resistance setting, the F/E ratio varies 
approximately linearly with the cycle period, the relationship having a negative gradient. For 
a given amputee, at a lower swing resistance, the relationship between the F/E ratio and the
15 cycle period tends to follow a first line SI with comparatively high F/E ratio values. At a
second, Iiigher swing resistance setting, the F/E ratio tends to follow a line of similar gradient 
but at lower F/E values (see line S2). Similarly, further increases in swing resistance produce 
further linear relationships with progressively reducing F/E ratio, as shown by lines S3 and 
S4 in Figure 4.
20
The positions of the lines SI to 34 vary from amputee to amputee, but their essential 
characteristics, i.e. generally parallel negative-gradient lines spaced in the manner shown tend 
to apply for all amputas.
25 A feature which became apparent from the trials is that for each swing resistance setting, an
amputee has a preferred walking speed. In each case, this is shown in Figure 4 by a 
continuous portion of the fine SI, 82, S3, S4. It will be noted that the preferred F/B ratio 
increases with decreasing step cycle period and with increasing swing resistance. Given that 
the relationships between F/E ratio, step cycle period, and swing resistance follow a common
30 pattern from amputee to amputee, but have differing values, it is possible to plot the optimum
F/E ratio to cycle period characteristic for an amputee, as shown by the line TR in Figure 3 if 
an optimum F/E ratio and an optimum walking speed can be determined for a particular 
swing resistance setting. Thus, for example, if the swing resistance is set to the setting 
corresponding to one of the lines S2 in Figure 4 relating F/E ratio to cycle period, and a
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walking test is performed to establish the preferred F/E ratio and walking speed at that 
resistance setting, knowledge of the pattern of preferred walking speeds and resulting F/E 
ratios allows the line TR to be extrapolated from a single calibration point CP on the graph, 
as shown.
5
Hie line TR, therefore, represents a target relationsMp between the F/E ratio and cycle period 
for the purposes of adjusting a knee joint control device in a lower limb prosthesis.
Amputee trials have shown that a line of best fit linking points of preferred walking speed 
10 and optimum F/E ratio is a curve having a negative gradient with the magnitude of the
gradient decreasing m th increasing cycle period. To simplify calculation of the target 
relationship, a dual straight-line characteristic is chosen as a best fit to the curve. It will be 
seen that, in this example, therefore, the target relationship TR has a first negative gradient 
portion at cycle period values below the calibration point CP and a second portion for cycle 
15 period values higher than the calibration point CP with a different, smaller negative gradient.
It will be appreciated that further simplification can be achieved by adopting a continuous 
straight line target relationship, TR, although it may be expected that less good results may be 
obtained when used as a the basis for automatic swing resistance setting.
20 The prior Intemational patent publication W099/44547 discloses the principle of minimising
step-to-step variability of a kinetic or kinematic parameter of locomotion as a means of 
establishing an optimum setting for a lower limb prosthesis. The same principle is used in 
the preferred embodiment of the present invcntiori for establishing the calibration point CP, 
as will be explained below.
25
For the purpose of monitoring or measuring F/E ratio and cycle period, the cycle period is 
divided into three regions, here referred to as “walking speed” regions, as shown in Figure 5, 
the boundaries between the walking speed regions being designated ABl and AB2. Thus, 
long cycle periods fall within a “slow” preferred walking speed region lying below boundary 
30 ABl, intermediate cycle period values lie in a “medium” preferred walking speed region
extending between boundary value ABl and boundary value AB2, and short cycle period 
values fall within a “fast” walking speed region above boundary value AB2. These are the 
walking speed regions which are used in a self-teaching mode of thc preferred control system 
in accordance with the invention when measuring F/E ratio and performing calculations
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based on the measured values. The choice of three regions is made as a compromise between 
providing sufficient speed resolution and minimising processing and memory requirements. 
For the purpose of establishing swing resistance settings, however, a finer speed resolution is 
used, by defining five secondary walking speed regions divided by secondary boundary 
5 values SBl, SB2, SB3, SB4, as shown in Figure 5. Therefore, for valve setting, secondary
slow, slow-medium, medium, medium-fast, and fast speed regions are defined. The 
relationship between the secondary boundary values and the speed region boundary values 
ABl, AB2 is defined by the equations:
10 A B l=(SB l+SB 2)/2
AB2 = (SB3 + SB4)/2
Operation of the processor circuit 32 in accordance with an internally stored program will 
now be described. This program provides a self-teaching facility for detcimimng control 
15 device valve settings automatically without intervention by a prosthetist. The programmed
processor 32 and the flexion sensor 24 operate in combination as a monitoring system for 
generating monitoring signals representative of step cycle period values (and hence walking 
speed values) and of values of the F/E ratio obtained by measuring the times between 
threshold-crossing events as described above with reference to Figure 3. The programmed 
20 processor circuit 32 operates in conjunction with the stepper motor 20 as an adjustment
system which adjusts the valve, thereby to alter swing resistance according to setting stored 
in the processor circuit 32 or the EEPROM 38.
An overview of the program operated by the processor circuit 32 is provided by the flowchart 
25 of Figure 6. Referring to Figure 6, part or all of the program may be used, depending on
whether a full reset of stored valve settings is required, including re-calibration of the system, 
or sclf-tcaching without recalibration, or normal operation, i.e. using valve settings from a 
previous self-teaching session.
30 Full operation of die program starts with a full reset command 600 causing the selection of
factory-set valve and walks speed settings in step 602, followed by calibration of the flexion 
sensor or swing sensor 24 in step 604.
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Next, die amputee walkmg on the prosthesis with the control unit valve driven to a 
predeteraiined and fixed calibration setting in order to establish calibration values of the F/E 
ratio (“stance ratio” in Figure 6) and walking speed (cycle period), i.e. to establish the 
calibration point CP shown in Figure 4. This calibration step appears as step 606 in Figure 6. 
5 Calibration step 606 will be described in more detail hereinafter.
Wlien the control system has established the calibration point, it automatically enters a self- 
teach mode which begins with initialisation of self-teach programming parameters (step 608) 
and then performs a series of steps 610, 612, 614, 616, 618 in which walking speed regions 
10 stored by the Systran are tailored to the amputee’s requirements automatically and valve 
settings are established in respect of the walking speed regions by sensing the deviation of 
measured F/E ratio values fiom target F/E ratio values defined by the target relationship 
described above with reference to Figure 4. Steps 610,612,614, 616 and 618 are performed 
while the amputee is walking. For the fiill self-teaching operation to be completed, the 
15 amputee should walk over the full range of walking speed values normally used.
In step 610, walkmg speed is measured to determine in which of the walking speed regions 
defined by the boundaries ABl and AB2 in Figure 5 the current walking speed falls. A series 
o f consecutive walking steps having cycle periods corresponding to that region are used to 
20 derive a mean speed which is stored for subsequent resetting o f the boundary values ABl,
AB2 if required, as will be described below. When consecutive stqjs having cycle periods 
falling within one of the speed regions (here termed the “current” speed region) are detected, 
die F/E ratio for each is measured and a mean F/E ratio value calculated, the mean value then 
being compared with the target value for that speed region. If  the comparison indicates a 
25 deviation having a magnitude greater than a first limit value, a “vote” signal is generated and
stored in a register. These operations are performed for constant speed walldng in step 614 
and for acceleration and deceleration periods in step 616.
In step 618, the accumulated vote signals representing “votes” for adjusting the valve in one 
30 direction or the other are evaluated and the respective valve setting is incremented or
decremented when a resultant vote exceeds a predetermined limit.
The amputee can choose to exit the sclf-teaching mode at tins point by, in the preferred 
embodiment, holding the knee joint in a fully flexed condition for a predetermined period
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(step 620). If the exit condition has not been met, walking speed region and valve setting 
updating is repeated, preferably until all three walking speed regions have been updated.
In this way, the F/E ratio is used by self-teaching algorithms in the program in two ways to 
5 influence swing resistance adjustment;
1. By comparing the mean F/E ratio with the calibrated target F/E ratios when maintaining a 
plurality of consecutive steps within a given speed region; and
10 2. By comparing the F/E ratio for the second of a sequence of three walking steps, wherein
the three steps constitute an acceleration episode or a deceleration episode across a speed 
region boundary (ABl or AB2 in Figure 5), wth the calibrated target F/E ratios.
In either case, a mean measured F/E ratio above the target ratio for the corresponding walking 
15 speed causes generation of a “vote” for an increase of the swing msistance.for diat region.
Conversely, a mean measured F/E ratio lower than die target ratio causes generation of a 
“vote” for a decrease in the swing resistance for that speed region. As the votes are 
accumulated over a period, votes for a swing resistance increase cancel out votes for a swing 
resistance decrease and at the end of the accumulation period, the net sum of votes is 
20 evaluated. When the next sum for any given speed region exceeds a predetermined threshold,
the swing resistance corresponding to that voting region is increased or decreased depending 
on the bias of the votes.
25
The self-lcaching mode routine will be described in more detail hereinafter.
Upon exiting the self-teaching mode (step 620) the program enters a playback mode (“normal 
operation”) in which the updated valve settings established in the sclf-teaching mode are used 
to set the valve according to walking speed (step 622) as the amputee walks. In this 
embodiment of the invention, the playback mode also includes a monitoring step 624 in 
30 which the F/E ratio and the mean cycle period are monitored in each speed region and minor 
or major deviations are logged.
In situations in wliich it is not necessary to perform the calibration routine, the program may 
be started from a soft reset command 626 wherein following the loading of program settings
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from the EEPROM (step 628), the program enters the self-teaching mode downstream of the 
calibration stqp.
Alternatively, if the control system has been deactivated and normal operation is required, 
5 based on existing valve settings and walking speed settings, the program can be entered 
through a basic reset command 630 which, after loading program settings from the EEPROM 
(step 632), the program is entered at the normal operation playback mode (step 622).
Now, referring to Figure 7, the calibration routine is described. This routine begins with the 
10 loading of factory-set default settings in step 702 and the selection of a fixed, calibration,
valve setting which is well above and well below the expected lowest and highest resistance 
settings to be used by the amputee (stq) 704). Then the swing sensor is calibrated by 
selecting knee angle thresholds which, according to the sensor outputs, are in the lower part 
of the knee angle range travarsed during the swing phase, but above the maximum knee angle 
15 encountered during the stance phase, as measured during a series of walkmg steps, preferably
four steps. These knee angle thresholds appear in Figure 3 as knee angle values Tl and T2. 
These threshold values are used to detect the start and finish of the flexed state of the knee 
joint. Entry into the flexed state is detected using a higher knee angle threshold than that 
used for exit detection in order to avoid control system instability. (It should be noted that 
20 “loiee angle” in this context means the relative angle between the axes of the upper and lower 
limb components joined by the knee joint, which angle is zero at full extension and increases 
as the knee joint is flexed.)
Having calibrated the swing sensor by calculating the swing sensor thresholds in step 706, a 
25 speed and F/E ratio cahbration operation 708 is performed in which the amputee walks at a
speed which to him or her is the preferred speed for the fixed valve setting. The system 
measures the stcp-to-step variability of the cycle period and the F/E ratio over a number of 
steps and, when several consecutive steps have been completed with the measured speed and 
measured F/E ratio remaining substantially constant within predetermined Umits, the mean 
30 cycle period and the mean F/E ratio value for those steps are calculated and stored as the
calibration values representing the cahbration point CP described above with reference to 
Figure 4. These values are used during the self-teaching routine to calculate the target 
relationship TR between F/E ratio and cycle period described above with reference to Figure
4.
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The self-teachîng mode will now be described in more detail with reference to Figure 8.
As mentioned above, the self-teaching mode has an exit condition which is detected in step 
5 820. If this exit condition is not met, the program proceeds to step 822 in which it loops back
until a new step is detected. If the cycle period of the new step indicates that the walking 
speed has moved to a new speed region, a contiguous step count is cleared. If not, the 
contiguous step count is maintained at this point.
10 Next, an average ^eed value is determined by measuring the cycle period over four
consecutive steps in the current speed region and dividing the sum by four. The average 
speed value is stored. (In practice, the average speed value used for average speed 
determination is the average of a number of these four-step averages.) These operations take 
place in step 824. Generation of voting signals during acceleration and deceleration episodes 
15 in step 826 and during constant speed periods in step 828 takes place concurrently with the
average speed determination of step 824. These operations are described in more detail 
below. Evaluation of the ‘Votes” (see step 830) occurs in respect of each walking step on the 
basis of votes accumulated over a number of steps occurring in the same speed region as the 
current speed region. Votes for an increase in swing resistance may be regarded as positive 
20 votes and votes for a decrease in swing resistance as a negative vote. Summing accumulated
votes produces a resultant value which, if it exceeds a predetermined amount (in this case the 
amount has a magnitude of 2), causes an adjustment of the valve setting by a predetermined 
increment.
25 If tlie votes do not reach two votes in one direction or the other, no adjustment of the valve 
occurs. A valve setting adjustment or a change in the average speed as determined in step 
824, as detected in step 832, causes recalculation of die speed boundaries as described above 
with reference to Figure 5 (see step 834). At the same time, if a new valve setting has been 
established for any of the slow, medium and fast walking speed regions defined by the 
30 boundaries ABl and AB2 shown in Figure 5, new interpolated valve settings for the
secondary speed regions are computed.
Whether or not changes to the valve or average speed settings have occurred, the steps of the 
self-teach mode arc repeated until the exit condition is met in step 820. When the exit
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condition is satisfied, the new speed boundaries and valve settings are saved in the EEPROM 
and the teach mode is exited (steps 836,838).
The generation of voting signals for adjusting the valve setting is performed both in respect 
5 of acceleration/deceleration episodes and constant speed periods. However, in alternative 
embodiments, it is possible to base valve settings on either one of these.
Referring to Figure 9, the generation of voting signals for acceleration and deceleration 
episodes starts by detecting acceleration or deceleration using a comparison of the cycle 
10 periods of three consecutive walk step cycles, as indicated in Figure 9 by step 900. If 
acceleration or deceleration is detected (step 902), the system next determines whether the 
acceleration or deceleration has resulted in one of the speed boundaries ABl, AB2 (see 
Figure 5) having been crossed (step 904). If neither of these conditions has been met, the 
voting signal generation routine for acceleration and deceleration is exited via exit step 906.
15
If, on the other hand, there has been acceleration or deceleration across a speed boundary, the 
target F/E ratio for tiie starting speed region (i.e. the speed region in which the walking speed 
fell before the speed boundary crossing occurred) is calculated based upon the target 
relationship defined by the calibration point CP set in the last calibration operation. The 
20 derivation of the target relationship is described above with reference to Figure 4. Therefore,
in step 908, a target F/E ratio for the pre-existing speed region is obtained. This F/E ratio 
value is compared with the current measured F/E ratio value for the pre-existing speed region 
(step 910). If the result of this comparison indicates a positive F/E ratio deviation of the 
measured value relative to the target value by an amount greater than a first limit value, then 
25 a "valve close” vote is generated (steps 912, 914). Conversely, if  the deviation is negative 
and of an amount greater than the first limit, a “valve open” vote is generated (steps 916, 
918). If there is no deviation or the deviation is less than or equal to the limit valuc,'no vote 
is registered (step 920). In the exit step 906, any “votes" are registered. Each time this 
routine is performed, the votes are registered so that, over several steps, votes are 
30 accumulated as described above.
Referring to Figure 10, a similar process is performed for accumulating valve adjustment 
votes during constant speed periods. Thus, in step 1000, the system determines whether there 
have been four contiguous walking cycle steps. A positive result causes the system to
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calculate the target F/E ratio for the current speed region (slow, medium, or fast as described 
above with reference to Figure 5) (see stq> 1002). Next, the F/E ratio values measured for 
the last four steps are averaged to obtain a mean measured F/E ratio value which is then 
compared with the target F/E ratio value for the current speed region (step 1004).
In the same maimer as described above with reference to Figure 9, deviations of the mean 
measured F.E ratio with respect to the target F/E ratio give rise to a “close vote” or an “open 
vote”, or no vote. In this case, a different limit is used for discriminating the deviation 
values, this limit being lower than the limit used for the acceleration/deceleration episodes. 
10 The steps for determining the generation of votes appear in Figure 10 as steps 1006, 1008, 
1010,1012, and 1014.
The accumulated votes are periodically totalled in the manner described above to allow valvp 
adjustments as required, as described above with reference to Figure 8.
15
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CLAEVIS
1. A self-teaching lower limb prosthesis for an above-knee amputee, the prosthesis 
including a dynamically adjustable knee movement control unit arranged to control flexion
5 and/or extension movements of a knee joint of the prosthesis, wherein the control unit 
includes:
an electronic storage device storing a target relationship between a kinetic or 
kinematic parameter of locomotion and walking speed, the relationship defining a plurality of 
values of the parameter associated with different respective walking speeds,
10 a monitoring system arranged to generate monitoring signals representative of
walking speed values and values of the parameter occurring during use of the prosthesis at 
different walking speeds, and
an adjustment system arranged to adjust the control unit automatically in response to 
the said monitoring signals indicating deviation of the parameter from the target relationship 
15 so as to bring the parameter closer to a value defined by the target relationship for the 
respective walking speed.
2. A prosthesis according to claim 1, wherein the monitoring and adjustment systems are 
respectively arranged to generate the monitoring signals over a plurality of walking step
20 cycles and to calculate a parameter deviation value based on the said signals for the said 
plurality of step periods, the control unit adjustment being made in response to the parameter 
deviation value.
3. A prosthesis according to claim 1 or claim 2, wherein the adjustment system is 
25 arranged to perform the control unit adjustments in increments so as to bring the parameter
successively closer to a value defined by the target relationship on the basis of monitoring 
signals obtained for a plurality of walking step cycles occurring within a single walking speed 
region.
30 4. A prosthesis according to any preceding claim, wherein the control unit is operable to
perfonn a calibration routine in which the adjustment system is operated to set the control 
unit to a calibration setting at which the unit has a predetermined resistance to flexion and/or 
extension movements of the knee joint, the calibration routine including operating the 
monitoring system and electronic storage device during a walldng test to derive an optimum
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value of the said parameter and an associated optimum walking sp<^ value, which values are 
used to define the said target relationship.
5. A prosthesis according to any preceding claim, wherein the control unit is operable in
5 a self-teaching mode and a playback mode, and is arranged to store during the self-teaching
mode electrical signals representative o f control unit settings at different respective walking 
speeds, which settings are derived firom the automatic adjustments made by the adjustnent 
system to bring values of the said parameter closer to the target relationship, and wherein the 
monitoring system and adjustment system are operable in the playback mode respectively to 
10 generate real time signals representative of the walking speed and to cause the control unit to
be adjusted to the said control unit settings in accordance with the generated real time 
walking speed signals,
6. A prosthesis according to any preceding claim, wherein the monitoring system and
15 the adjustment system are arranged to adjust the control unit automatically and successively
in an iterative manner for each of a plurality of walking speeds to bring the parameter closer 
to the value defined by the target relationship for the respective walking speed.
7. A prosthesis according to any preceding claim, wherein the parameter is the ratio of a
20 flexed state duration to an extended state duration.
8. A prosthesis according to claim 7, wherein the target relationship comprises a 
function relating the said ratio to walking cycle period, tlie function being such that the ratio 
decreases as the cycle period increases.
25
9. A prosthesis according to claim 8, wherein the function, when plotted in a cartesian 
coordinate system, is in the form of a line the gradient of which decreases with increasing 
cycle period.
30 10. A prosthesis according to any preceding claim, wherein the control unit is operable to
define a plurality of walking speed regions and to perform a self-teaching routine in which, in 
respect of each walking speed region, the parameter is brought closer to a respective value for 
that speed region as defined by the target relationship.
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11 A prosthesis according to claim 10, wherein the control unit is arranged to compare 
the values of the parameter represented by the monitoring signals occurring at times of 
acceleration and/or deceleration with values defined by the target relationship, the adjustment 
means being caused to adjust the control unit setting in response to deviations from the target 
5 relationship of a magnitude greater than a predetermined amount.
12. A prosthesis according to claim 10 or claim 11, wherein the walking speed regions are 
dynamically and automatically variable in response to the said monitoring signals 
representative of walking speed values.
10
13. A self-teaching lower limb prosthesis for an above-knee amputee, wherein the 
prosthesis includes a dynamically adjustable knee movement control unit arranged to control 
flexion and/or extension movement of a knee joint of the prosthesis according to speed of 
walking, settings of the control unit for different walking speed ranges being obtained by
15 comparing values of a sensed kinetic or kinematic pzuameter of locomotion with target values
of tlie parameter respectively associated with the walking speed ranges, and wherein the 
boundaries between neighbouring walking speed ranges are dynamically adjustable in 
response to the distribution of measured walking speed samples within the ranges thereby to 
adapt the ranges to the walking characteristics of the amputee.
20
14. A self-teaching lower limb prosthesis constmcted and arranged substantially as herein 
described and shown in the drawings.
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